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Abstract 
The metabolism of D-Arabinose (D-Ara) in eukaryotes is poorly 

understood. Arabinose (Ara) is one of the “rare” aldopentose sugars 

distributed in nature principally as a component of cell wall structures in 

plants and bacteria. Arabinose exists naturally in both pyranose and furanose 

conformations and D- and L- configurations. The most abundant form of 

arabinose is L-arabinose which is present in the arabinogalactans of plants. 

D-arabinofuranose (D-Araf) is found mainly in the arabinomannans, 

arabinogalactans, lipoarabinomannans and mycolylarabinogalactan-

peptidogalactans of mycobacterial cell walls. However, D-arabinopyranose 

(D-Arap) is found, uniquely, in cell surface glycoconjugate structures of 

certain trypanosomatid parasites: Leishmania major lipophosphoglycan 

(LPG) Crithidia fasciculata lipoarabinogalactan (LAG) and Endotrypanum 

schaudinni glycoinositol phospholipids (GIPLs). The activated donor 

molecule of D-Arap has been identified in L. major as GDP-α-D-Arap. 

However, the source of the GDP-Arap is not fully understood. So far it is 

known that both L. major and C. fasciculata have a salvage pathway allowing 

the parasites to internalize D-Ara from the extracellular medium or the 

lumen of the insect guts and convert it to GDP-α-D-Arap via an arabinose-

1-kinase/pyrophosphorylase. A de novo pathway, whereby D-Glucose (D-

Glc) is converted to D-Arap via loss of the Glc C-1 carbon atom has been 

postulated but many details are missing. Many gram-negative bacteria have 

an Arabinose-5-phosphate isomerase (APIs) enzyme. In bacteria API 

enzymes catalyse the interconversion of D-ribulose-5-phosphate (Ru5P), 

the product of the oxidative phase of the pentose phosphate pathway, and 

D-arabinose-5-phosphate (A5P). A5P is a precursor to 3-deoxy-D-manno-
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octulosonic acid (KDO) that is a component of the bacterial capsular 

polysaccharides and lipopolysaccharides (LPS). KDO is an essential 

component of the cell envelope of gram-negative bacteria. We speculate that 

trypanosomatids may also convert D-Glc to D-Arap via Ru5P and its 

isomerisation to A5P followed by dephosphorylation to D-Arap. Apart from 

cell surface incorporation by L. major and C. fasciculata, it is possible that D-

Arap may be used by all the kinetoplastids to make D-erythroascorbate, a C5 

ascorbate analogue similar in structure and physicochemical properties to 

ascorbate (Vitamin C). In animals and plants, L-ascorbate is involved in 

cellular defence against oxidative stress. The D-erythroascorbate analogue of 

ascorbate appears in yeast and other fungi, but this antioxidant role is not 

well understood. The biosynthesis of D-erythroascorbic acid starts from D-

Arap, which is oxidized by NAD(P)+ specific dehydrogenases to D-arabino-

1,4-lactone, which is further oxidized to D-erythroascorbic acid by D-

arabino-1,4-lactone oxidase. The source of the original D-Arap in yeast and 

fungi is, however, unknown. In summary, central to the problem of 

eukaryotic D-Arap metabolism is the bioconversion from D-Glc to D-Arap. 
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Chapter 1  
 

1. Introduction  
 

1.1 An introduction to Leishmania major – Biology  

 
Family: Trypanosomatidae 
Order: Trypanosomatida 
Class: Kinetoplastida 
Phylum: Euglenozoa 
Kingdom: Protista 

 
Leishmaniasis is an infection caused by a protozoan and obligate 

intracellular parasite of the genus Leishmania, of which more than 20 sub-

species are pathogenic to humans, and more than 30 species of sand flies 

are vectors. Leishmaniasis is transmitted by the bite of the female sand fly. 

The organism is found in regions of tropical Africa, Central and South 

America, the Mediterranean, central and East Asia and southern Europe 

(Figueira et al., 2013; Ponte-Sucre et al., 2013). Clinical syndromes in 

humans are cutaneous and visceral leishmaniasis. Cutaneous leishmaniasis 

is usually caused by L. tropica and L. major and by members of the L. 

mexicana complex and the Viannia subgenus. Visceral leishmaniasis (also 

known as Kala-Azar) is usually caused by L. donovani, L. infantum and L. 

chagasi.  
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1.1.1 Epidemiology - Global Epidemiology  
 

Leishmaniasis is endemic to more than 80 countries and is an important 

public health concern with a global incidence of 1.5 – 2 million cases each 

year. It is estimated that 350 million people are exposed to the risk of 

infection by the different species of the Leishmania parasite. More than 90% 

of the cases of cutaneous leishmaniasis (CL) occur in Afghanistan, Algeria, 

Brazil, Iran, Pakistan, Peru, Saudi Arabia and Syria; 90% of visceral 

leishmaniasis (VL) occurs in Bangladesh, Brazil, India, Nepal, and Sudan 

(Desjeux, 2004). According to the World Health Organization, the 

incidence of leishmaniasis has increased 42-fold in the last two decades; 

currently, it is classified as the second worldwide cause of parasitic diseases 

(World Health Organization). An important factor in this increase has been 

population migration. The disease is always a zoonosis. Gerbils are a major 

reservoir of L. tropica in central Asia. Dogs, cats and squirrels are also 

infected in many regions. Rodents and sloths are the reservoir of Leishmania 

species in Latin America.  

 

1.1.2 Transmission 
 

Transmission is increasing at high rates in several world areas. This increase 

is a consequence of situations that boost the probability of being exposed to 

the sand flies such as establishment of new settlements in high risk endemic 

areas or wild areas where zoonotic transmission may occur (this is especially 
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true of the current refugee camps caused by the Syrian war) (Du et al., 2016); 

deteriorating social and economic conditions in the poorer suburbs of some 

cities; and increased migration to urban areas of populations that used to live 

in rural areas (Romero & Boelaert, 2010) (Ponte-Sucre et al., 2013). During 

its digenetic life cycle, Leishmania alternates between two environments to 

which the parasite must adapt, that is the mammalian host and the insect 

vector (Figure 1-1). These two environments reflect physiological conditions 

with specific and different characteristics. Some of these include 

temperature, pH, osmolarity and nutrient quantity and quality (Cattand et 

al., 2006). The sand flies involved in disease transmission belong to the 

family Psychodidae and representatives of the genus Lutzomyia transmit the 

disease in the Americas and the genus Phlebotomus in the Old World. 

 

1.1.3 The life cycle of Leishmania major   
 

Leishmania exist in three distinct life-cycle stages, the procyclic promastigote 

stage, the metacyclic promastigote stage and amastigote stage. The procyclic 

promastigote is the non-infectious replicative stage that colonises the sand 

fly vector mid-gut and the non-replicating metacyclic promastigote is the 

infectious form that is transmitted to the mammalian host by the bite of the 

sand fly (Figure 1-1). The metacyclic promastigotes invade host monocytes 

and macrophages and transform into the amastigote stage, that lives and 

multiplies via binary fission in the parasitophorous vacuole (modified 

phagolysosome) of the infected cell. Insects ingest blood from the vertebrate 

host and regurgitate metacyclic promastigotes when puncturing its skin. The 
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parasites are recognized by surface receptors of macrophages and dendritic 

cells and are phagocytosed. Interestingly, parasites have more difficulty to 

establish an infection (and to survive) in mice lacking neutrophils (Ponte-

Sucre et al., 2013). This result strongly suggests the relevance of a 

mechanism of entry into the macrophages through the use of 

polymorphonuclear leucocytes as the first phagocytic cells encountered in the 

host. The parasites promote programmed cell death in the infected 

neutrophils that then are ingested by macrophages (Peters, et al., 2008). 

Between blood meals the sand fly with feed primarily on honey dew and 

plant juices. 
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Figure 1-1   Life cycle of Leishmania major. Sand flies inject infective 
promastigotes into a susceptible mammal during feeding. Within the host 
cell, the promastigotes migrate to the phagolysosome and differentiate into 
amastigotes, which multiply by binary division. The rupture of densely 
infected macrophages releases amastigotes; the liberated parasites are 
engulfed by naïve macrophages, thus increasing the number of infected cells 
and spreading the disease within the host. The amastigotes ingested by 
insects that suck blood from an infected host are transformed into 
promastigotes in the digestive tract of the insect vector, where they remain 
4–7 days, differentiate into highly infectious metacyclic promastigotes, 
migrate to the proboscis. Once the sand fly punctures again a host’s skin, the 
parasites are once more liberated into the blood system of the host to close 
the cycle (Life cycle image and information courtesy of Laboratory 
Identification of Parasitic diseases (DPDx)). 
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1.1.4 The surface molecular architecture of Leishmania     
                                              

Through evolution the Leishmania have developed strategies to avoid 

destruction in (i) the sand fly midgut where the parasite could be vulnerable 

to a variety of digestive enzymes, (ii) the bloodstream of the host where the 

organism transiently exists and would be exposed to the lytic complement 

pathway, (iii) the phagolysosome of host macrophages where the parasite 

would be exposed to a number of hydrolytic enzymes, acidic pH, and the 

microbiocidal oxidative burst (Descoteaux & Turco, 1999). Thus, their 

surfaces are usually covered by glycoconjugates that form a protective 

glycocalyx against the host defense systems. The major surface molecules of 

promastigotes are the glycoconjugate lipophosphoglycan (LPG), the 

glycoinositolphospholipids (GIPLs) and a glycoprotein called gp63. The 

LPG and GIPL molecules vary structurally between Leishmania species and 

throughout the life-cycle of the parasite (Descoteaux & Turco, 1999). 

 

 

1.1.5 Lipophosphoglycan (LPG) structure            
                                             

Only the promastigote stage of all species of Leishmania parasites synthesize 

lipophosphoglycan (LPG). LPG is the predominant cell surface 

glycoconjugate and it is localized over the entire parasite surface including 

the flagellum. During the life cycle of the parasites LPG undergoes several 
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important modifications that are characteristic of each Leishmania spp. In 

Leishmania major the process of the metacyclogenesis is accompanied by 

changes in the size and carbohydrate structure of the LPG: procyclic 

promastigote express a smaller LPG capable of binding to the sand fly 

midgut, while the metacyclic promastigote express a larger LPG with the 

galactosyl side chains, capped with arabinosyl residues (McConville, et al., 

1990) (Pimenta et al., 1992). These changes play an important role in the 

binding and release of the parasites from the sand fly midgut 

(“Developmental modification of lipophosphoglycan during the 

differentiation of Leishmania major promastigotes to an infectious stage,” 

1992). Although LPG is abundantly present on the surface of promastigotes 

stage, it is down regulated or absent in the amastigotes stage.  

 

Each promastigote cell surface contains several million molecules of LPG. 

LPG is a highly complex macromolecule composed of four distinct domains 

(Figure 1-2) and has an identical lipid anchor and glycan core in all the 

species of Leishmania (Gueirard et al., 2008, Turco & Descoteaux, 1992, 

McConville & Ferguson, 1993):  

 

i. Phosphatidylinositol (PI ) anchor 

ii. Phosphosaccharide core 

iii. Linear phosphoglycan chain (PG)  

iv. Terminating small oligosaccharide cap 

 

7 
 



 
 

 

 

 

Figure 1-2  Leishmania major lipophosphoglycan (LPG). a) The molecule 

has been divided in four domains: i) phosphatidylinositol (PI) anchor, ii) 

phosphosaccharide core, iii) linear phosphoglycan chain (PG) and iv) 

terminating small oligosaccharide cap. Abbreviations used: Gal, Galactose; 

Galf, galactofuranose; Man, Mannose; Glc, Glucose; GlcN, Glucosamine; 

P, Phosphate (McConville et al., 1992) b) the structure of the molecule using 

symbols proposed by the Consortium for Functional Glycomics. 
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i. Phosphatidylinositol (PI ) anchor 

The lipid anchor of LPG is anchor to phosphatidylinositol (PI) domain,  

consists of an 1-O-alkyl-2-lyso-phosphatidyl-myo-inositol, having a single 

saturated C24−C26 aliphatic chain (Ferguson M. A. J., 1999).  

ii. Phosphosaccharide core 

The LPG phosphosaccharide core is a hexasaccharide comprising two 

galactopyranosides (Galp), a galactofuranoside (Galf), two mannosides and 

a glucosamine residue attached to the 6-position of the myo-inositol residue 

of the lipid anchor. In addition, the mannose linked to the galactofuranose is 

often substituted at the 6-position with Glcα-1-PO4. Galactofuranose is not 

found in higher eukaryotic glycoconjugates.   

iii. Linear phosphoglycan chain (PG)  

The backbone of LPG possess a unique -6Galβ1-4Manα1-PO4 

phosphodisaccharide repeat motif. The 4-O-substituted mannose residues 

are believed to be unique among eukaryotic glycoconjugates. This 

phosphoglycan chain is attached to the terminal galactose of the 

phosphosaccharide core. The repeats can vary from 15 to 40 in a species and 

developmental stage-specific manner (Proudfoot et al., 1995; McConville et 

al., 1990). The LPG of L. donovani (McConville & Blackwell, 1991) does 

not contain other substitutions of the backbone sequence, whereas L. 

mexicana LPG has ~25% of galactose residues substituted at the C3 hydroxyl 

with βGlc residues (Table 1-1) . The galactose residues of L. major LPG are 

substituted with small saccharide side chains containing one to four residues 

of galactose, glucose and arabinose (Table 1-2).  
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iv.   Terminating small oligosaccharide cap 

LPG is terminated at the non-reducing end with one of several small, neutral 

oligosaccharides containing mannose and/or galactose. The most common 

structures are Galβ1-4Man and Manα1-2Man. Hybrids of these two 

structures (Manα1-2[Galβ1-4]Man) have also been reported and 

polymannose structures ([Manα1-2]1-5α1-2Man) (Proudfoot et al., 1995) . 

  

 

 

Table 1-1. The side-chain polymorphisms of LPG between Leishmania 
spp (McConville et al., 1992; Moody et al., 1993; Proudfoot et al., 1995). 
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Table 1-2. The side-chain differences in life stages of Leishmania major 

(McConville et al., 1992; Moody et al., 1993; Proudfoot et al., 1995). 
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1.1.6 Amastigote LPG  
 

So far, only the intracellular amastigote of L. major has been found to 

produce LPG at about 6 X 104 molecules per cell (Moody et al., 1993). The 

PI-anchor and phosphosaccharide core are conserved from L. major 

promastigote to amastigote. However, there are clear differences in the 

phosphosaccharide repeat and cap structure (Table 1-2). The phosphoglycan 

repeats attached to the core are either unsubstituted (70%) or substituted 

(30%) at the 3-position of the Gal residues with oligosaccharide side chains 

containing primarily Gal and some Glc. Thirteen different types of side-

chains were identified with the structure Galβ1-3, or Glc(β1-3)Glc(β1-3), 

or Glc(β1-3)Gal(β1-3) (Table 1-2). All monosaccharides in the 

phosphoglycan domain are in the pyranose configuration. The non-reducing 

terminus of the phosphoglycan chains probably terminates predominantly in 

the neutral disaccharide Gal(β1-4)Man(α1- (Moody et al., 1993).  

 

1.1.7 Biosynthesis of LPG 
 

The biosynthesis of LPG starts with transfer of GlcNAc to a 

phosphatidylinositol (PI) to form GlcNAcα1-6PI, followed by the de-N-

acetylation of GlcNAc and the transfer of two mannose residues to form 

Manα1-3Manα1-4GlcNα1-6PI (Proudfoot et al., 1995; Ralton & 

McConville, 1998) (Figure 1-3). Biosynthesis continues with the addition 
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of three galactoses, two of them are galactopyranose and one is 

galactofuranose, to form Galα1-6Galα1-3Galfβ1-3Manα1-3Manα1-

4GlcNα1-6-lyso-PI. The second mannose is frequently substituted with 

Glcα1-PO4. To this LPG core is added the phosphosaccharide backbone 

through the repeated action of mannosylphosphotrasferases (MPTs) and a 

galactosyltransferase (Turco & Descoteaux, 1992). These two activities 

generate the -6Galβ1-4Manα1-PO4 repeat unit. The respective activated 

donor sugars are GDP-Man and UDP-Gal. At least two MPT enzymes are 

required, an initiative MPT (iMPT) to add the first Man-1-PO4 to the 

LPG anchor and an elongating MPT (eMPT) to extend the backbone 

(Brown et al., 1996) (Mengeling et al., 1997). The capping structures require 

mannosyltransferase and galactosyltransferase. The side-chain addition is 

specific to species and development stage. In the procyclic promastigote stage 

of Leishmania major the side-chain addition is predominantly by galactose 

residues. These are linked by β1-3 linkage to the galactose of the repeats 

units. These side-chains in the metacyclic promastigote are capped with 

terminal D-arabinosepyranose (McConville et al., 1992).  In this stage they 

increase in length and changing from galactose-terminating to arabinose-

terminating side-chains. These changes suggest a precise control of 

glycosyltransferase expression and activity in different stages of the 

Leishmania species.  
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Figure 1-3 The postulated pathway of the synthesis of LPG in Leishmania 
major. 1) α1-6 GlcNAc transferase to phosphatidylinositol (PI) 2) de-N-
acetylation of GlcNAc 3) α1-4 mannosyltransferase 4) α1-3 
mannosyltransferase 5) β1-3galactosylfuranosetransferase 6) α1-
3galactopyranose transferase 7) The second mannose is substituted with 
Glcα1-PO4 8) phospholipase A2 removal of fatty acid and Glc1-P addition 
9) initiating Manα1-P addition 10) βGal addition to form Galβ1-4Manα1-
P repeat 11) side-chain Gal addition 12,13,14) cap addition 15) side-chain 
capping by D-Ara.  
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1.1.8  Function of lipophosphoglycan  
 

Many functions have been attributed to LPG which are implicated in 

parasite survival in all stages of the life cycle (McConville et al., 1992; Moody 

et al., 1993; Turco & Descoteaux, 1992) :  

- Protection from digestion in the insect  

The transition from amastigote to promastigote in the insect midgut is vital 

for the parasite survival. LPG is absent or present at lower levels in the 

amastigote stage and LPG might play a role in protecting the parasites by 

forming a physical barrier in the midgut of the insect host.  

- Attachment to the insect midgut  

LPG plays a major role in the attachment to the insect midgut. The side-

chain polymorphisms of LPG between Leishmania spp (Table 1-1) have 

been found to correlate with the ability to infect different sand fly sub-species  

(Jacobson, 1995; Pimenta et al., 1992). In L. major, the promastigote stage 

has galatose-terminating side-chains which can interact with sandfly gut 

epithelium lectins (Beverley & Dobson, 2004).  

- Detachment from the insect midgut  

Upon metacyclogenesis promastigotes detach from the midgut of the insect 

in order to migrate to the insect mouth for the transmission. LPG from L. 

major during this transition doubles the size of the repeating 

phosphosaccharide units and the terminal galactose residues of the repeat 

sidechains are capped with D-arabinopyranose, which promotes the 

detachment from the insect epithelial-lectin. This increase in LPG size also 
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correlates with an increase in resistance to complement mediated lysis of the 

promastigotes (Beverley & Dobson, 2004).  

- Attachment and invasion of the macrophage  

Metacyclic promastigotes invade mononuclear phagocytes by an interaction 

between the cell surface lipophosphoglycan and macrophage receptors 

(Kelleher et al., 1995). The adherence and entry into the macrophage is by 

opsonisation.  Complement components such as C3b and iC3b are deposited 

on LPG by lectin-mediated complement activation and these bring about 

rapid uptake of the parasite via the complement receptors CR1 and Mac-1 

(CR3)  (Kelleher et al., 1995; Puentes et al., 1988; Da Silva et al, 1989). 

Leishmania taken up as a consequence of opsonization have been shown to 

have increased survival compared to Leishmania taken up directly by the 

macrophage (Mosser & Edelson, 1987; Mosser & Edelson, 1985).  

- Survival inside the macrophage  

LPG may protect the promastigote in the phagolysosome from the acidic 

and lysosomal hydrolytic enzymes (Handman et al., 1986). LPG is also 

highly effective at scavenging oxygen metabolites generated by the activation 

of a macrophage and subsequent oxidative burst (Turco & Descoteaux, 

1992). Different studies showed that when LPG was added to macrophages 

was a specific inhibitor of signal transduction pathways dependent upon 

protein kinase C (Turco & Descoteaux, 1992). These pathways are involved 

in the activation of the oxidative burst, macrophage chemotaxis, lymphokine 

production and apoptosis. Several models for the inhibition of protein kinase 

C have been proposed, but the mechanism of inhibition is still unknown 

(Turco & Descoteaux, 1992).  

16 
 



 

1.2 An introduction to Crithidia fasciculata – Biology  
 

Family: Trypanosomatidae 
Order: Trypanosomatida 
Class: Kinetoplastida 
Phylum: Euglenozoa 
Kingdom: Protista 

 
Protists of the genus Crithidia are unicellular flagellate parasites that 

exclusively infect arthropods, mainly insects, and are highly adaptable to 

different environments with the host range spanning the orders of Diptera, 

Hemiptera and Himenoptera. Particularly, C. fasciculata infects different 

species of culicids (mosquitos) (Alcolea et al., 2014), in which they complete 

monogenetic life cycles involving the extracellular choanomastigote and 

amastigote stage (Hughes & Simpson, 1986). Léger (1902) described the 

spiecies “as small flagellates, shaped like a barley corn, truncated at the 

anterior end and with a funnel-like depression at the anterior end”. In 

addition he found more elongate forms. Patton (1908) described the short 

truncate flagellates as “young” forms while long slender ones as “adults”. 

Mezincesco (1908), Missiroli (1930) and other author have confirmed this, 

to the extent of finding two distinct types in mosquitos, one short and 

truncate attached to walls of the hind gut and the other longer form free in 

the mid gut (Patton et al., 1908). Crithidia tend to attach themselves in 

clusters or to walls of the insect host intestine and, although non-infective to 

mammals, C. fasciculata has been used as a model organism to study diseases 

caused by pathogenic trypanosomatids (Grazú et al., 2012).  
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1.2.1  Life cycle of C. fasciculata 
 

C. fasciculata are polymorphic and exhibit two distinctive life stages. 

Choanomastigotes are free-swimming stumpy cells characterised by the 

kinetoplast anterior to the nucleus and the flagellum emerging from the 

anterior end of the body. Amastigotes are non-motile round cells with a 

flagellum imbedded in the cell body which is morphologically similar to the 

amastigotes of the genus Leishmania, although they are extracellular.  

The monogenetic life cycle of C. fasciculata begins when the culicidis ingest 

amastigotes voided with faeces of other hosts, followed by a differentiation 

process from amastigotes into choanomastigotes.  The latter form of 

parasites then migrate to the host gut where they differentiate back into non-

motile round amastigotes that are attached to the epithelium via 

hemidesmosomes (Alcolea et al., 2014), frequently leading to damage. 

Infected adult mosquitoes contaminate aquatic environments with 

amastigotes as well as flowers when they feed on nectar, thus providing 

chances for transmission of the parasite. Amastigotes are released within the 

faeces or the entire body of the dead insect, eventually reaching the aquatic 

habitat where the larval and pupal instars of mosquitoes get infected. In the 

matured (adult) mosquitoes the amastigotes undergo metamorphosis in the 

gut leading to completion of the life cycle (Figure 1-4). Both the life cycle 

stages can be recapitulated in vitro and possess biological features conserved 
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Figure 1-4 Development of Crithidia species in the mosquito vector. The 

morphology of amastigotes and choanomastigotes is shown. The flagellum 

in the amastigote form is internal and non-functional; in choanomastigotes 

the flagellum extends from the cell body, emerging from the anterior end of 

the cell. 

among trypanosomatids, thus providing a feasible and safe model to study 

the physiology and parasitology of trypanosomatids.  
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1.2.2 The surface molecular architecture of Crithidia  
 

It is critical for the survival and development of the parasites that they must 

adapt to their variable environment. The adaptation is primarily mediated as 

well as reflected by dynamic host-parasite interactions that to a great extent 

occur at the interfaces between them.  The most important components that 

contribute to this interface are the parasite and host glycocalyx, the 

glycoconjugates covering the parasites and host cells and protecting them 

from the surrounding environment. The structures of these glycoconjugates 

are divergent among different parasites, contributing to parasite virulence 

and survival in the host (Rodrigues et al., 2015). The predominant surface 

glycoconjugate of C. fasciculata is lipoarabinogalactan (LAG) (Schneider et 

al., 1996). Additionally, a glycoconjugate containing sialic acid has been 

described on the cell surface, although the structures of these molecules is 

not known (Adelaide do Valle Matta et al., 1999).  

 

1.2.3 Lipoarabinogalactan (LAG)         

 

Lipoarabinogalactan is a biopolymer consisting predominantly of arabinose 

and galactose monosaccharides. Lipoarabinogalactan (LAG) is a major 

glycophospholipid found on the cell surface of C. fasciculata (Schneider et al., 

1996). LAG is believed to be localised all over the surface of C. fasciculata 

and is a complex macromolecule composed of a lipid anchored glycan core 

linked to a linear chain of β1-3-linked D-galactan that is partially substituted 
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on the 2-positions of the Gal residues by single D-arabinopyranose residues 

(Schneider et al., 1996) (Fig 1.2). The general structure of LAG is described 

in (Figure 1-5).  

 

 

The lipoarabinogalactan (LAG) on C. fasciculata is related but distinct from 

the lipophosphoglycan (LPG) from L. major and the GIPLs on E. schaudinni 

(Figure 1-6). All these large molecules possess a glycolipid anchor and each 

molecule contains one or several copies of the sequence Arap1-2Gal(β1-

3)Gal in their structure. On the other hand, there are two major differences 

between LAG and LPG: (1) the lipid of LAG is an 

inositolphosphoceramide instead of a lyso-PI and (2) the non-reducing end 

of the phosphosaccharide core of LAG is substituted by a neutral 

arabinogalactan oligosaccharide and not by negatively-charged 

phosphosaccharide repeats. Although the function of LAG remains 

unknown the general similarity between LPG and LAG indicates that LAG 

is likely involved in the host-parasite interaction. The biosynthesis of LAG 

is unknown but is likely to be similar to that of Leishmania LPG apart from 

the neutral arabinogalactan position.  
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Figure 1-5 Structure of lipoarabinogalactan (LAG) from C. fasciculata: a) 
the structure, b) the structure using symbols proposed by the Consortium 
for Functional Glycomics. The average values for x and n are 8 and 12,  
respectively (Schneider et al., 1996). Note that the lipid is an inositol-
phosphoceramide, rather than a phosphatidylinositol. 
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Figure 1-6 Structural comparison of related protein free 

glycophophatidylinositol species from closely related genera of the 

trypanosomatidae . (1) lipophosphoglycan LPG from Leishmania major,  (2) 

lipoarabinogalactan LAG from Crithidia fasciculata and (3)  GIPLs from 

Endotrypanum schaudini . The major differences between the three species 

are:  (i) in the phospholipid, lyso-alkyl glycerolipid in LPG and GIPLs and 

ceramide in LAG and (ii) in the backbone repeats of PO4-Galβ1-4Manα1 

in LPG and neutral Galβ1-3Gal polimer in LAG and (iii) EtNP 

substituents on the second mannose in E. schaudini GIPLs. 
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1.3 D-Arabinose – distribution and the biogenesis 

in nature  
 

Arabinose (Ara) is found primarily in cell wall structures of plants and 
bacteria, as L-arabinopyranose, L-arabinofuranose and D-arabinofuranose 
(Figure 1-7).  L-arabinose, the most abundant form, is present in the cell 
walls of plants as a component of arabinoxylan, arabinogalactan, and 
arabinan whereas D-arabinofuranose (D-Araf) is found mainly in the 
arabinomannans, arabinogalactans, lipoarabinomannans and 
mycolylarabinogalactan-peptidogalactans of mycobacterial cell walls 
(Brennan & Nikaido, 1995). However, certain kinetoplastids uniquely utilise 
D-arabinopyranose (D-Arap) in their cell surface glycoconjugate structures. 
These include the lipophosphoglycan (LPG) of Leishmania  major 
(McConville et al., 1992) (Ferguson M.A.J, 1997) the lipoarabinogalactan 
(LAG) of Crithidia  fasciculata (Schneider et al., 1995) and the 
glycoinositolphospholopids  (GIPLs) of Endotrypanum  schaudini (Xavier et 
al., 1998).  
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Figure 1-7 Structure of D-arabinose and L-arabinose in different 
configurations. D/L-arabinose exist in α-D/L-arabinofuranose, β-D/L-
Arabinofuranose, α-D/L-arabinopyranose and in β-D/L-arabinopyranose 
configurations. The furanose and the pyranose refer to five – and six-
membered rings, respectively. 
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1.3.1 D-Arabinose in bacteria 
Gram-negative bacteria synthesize D-arabinose 5-phosphate as the 

precursor of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo),  an essential 

component of the lipopolysaccharide complex of the cell wall (Cech D. et 

al., 2014; Meredith & Woodard, 2003). Kdo is an eight-carbon sugar that 

provides a bridge between the hydrophobic moiety (lipid A) and the core 

oligosaccharide chain that links to the O-antigen repeats  in 

lipopolysaccharide (LPS) (Ovchinnikova et al., 2016). The minimal LPS 

structure to ensure Gram-negative bacterial growth consists of lipid A and 

the Kdo domain, as shown in (Figure 1-8). 

Figure 1-8 The cell wall of Gram-negative bacteria consists of a thin layer 

of peptidoglycan in the periplasmic space between the inner and outer lipid 

membranes. The outer membrane contains lipopolysaccharides (LPS) on 

its outer leaflet and facilitates non-vesicle mediated transport through 

channels such as porins or specialized transporters. For the growth of 

bacteria the Kdo and lipid A regions of LPS are required. 
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Enzymes involved in the biosynthesis of Kdo are attractive targets for the 

development of specific antibiotics, considering their functional are essential 

for the growth of all Gram-negative bacteria. The synthesis of Kdo involves 

four enzymes: D-arabinose-5-phosphate isomerase (API), deoxy-D-

manno-octulosonate-8-phosphate (Kdo-8-P) synthase, Kdo-8-P 

phosphatase, and cytidine-5-monophosphate-Kdo synthetase, which act 

sequentially in the pathway  (Figure 1-9) (Christian R. H. Raetz, 1990). In 

the first reaction, API converts D-ribulose-5-phosphate (Ru5P) into D-

arabinose-5-phosphate (A5P), which is reversible. A5P is further condensed 

by Kdo-8-P synthase (kdsA) by adding a phosphoenolpyruvate to the 

structure, which represents a stereospecific aldol-type condensation process. 

Kdo 8-P is dephosphorylated to form Kdo, followed by a cytidyl transfer 

catalyzed by KdsB to form CMP-Kdo, which then link to lipid A. Gram-

negative bacteria are unable to generate A5P via glycolysis, therefore API is 

essential for the A5P production and the sequences of API enzymes are 

conserved among different strains of Gram-negative bacterial, particularly in 

the C-terminal phospho-sugar isomerase domain (SIS) and the N-terminal 

helix-turn-helix motif  (Bateman, 1999). 
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Figure 1-9 The biosynthesis and metabolism of Kdo involves four sequential 

reactions. The enzymes involved are: (1) arabinose-5-phosphate isomerase 

(API), (2) Kdo-8-phosphate synthase (kdsA), (3) Kdo-8-P phosphatase 

(yrbI), and (4) cytidine-5′-monophosphate-Kdo synthetase (kdsB). CMP-

Kdo is utilised by Kdo transferase (5) to add Kdo to the growing LPS 

molecules. 
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1.3.2 D-Arabinose in kinetoplastids  
 

The presence of β-D-arabinopyranose is confined to a few trypanosamatid 
species: Leishmania major, Crithidia fasciculata and Endotrypanum schaudinni 
(Schneiders et al., 1994)(Schneider et al., 1995) (Xavier et al., 1998). The 
D-Arap residues of L. major are important because they are most abundant 
in the LPG of the mammalian-infective metacyclic stage of the parasite 
(Pimenta et al., 1992). The capping of terminal βGal residues by β-D-Arap 
abolishes the binding of the parasite to the midgut epithelium of the insect 
vector, allowing infective parasites to detach and migrate forward to the 
mouth parts of the sandfly (Pimenta et al., 1992). Although the function of 
D-Arap residues in the cell surface of Crithidia and Endotrypanum remains 
unknown, these parasites can incorporate D-arabinopyranose in their major 
cell surface glycoconjugates i.e. the lipoarabinogalactan (LAG) in Crithidia 
and the glycoinositolphospholipids (GIPLSs) described in Endotrypanum.  
So far it has been confirmed that both Leishmania and Crithidia possess a 
salvage pathway for internalizing D-Ara from the extracellular space, such as 
the culture medium or the lumen of the insect guts, in which D-Ara 
incorporated into LPG or LAG (Figure 1-10). This is supported by the fact 
that GDP-α-D-Arap has been identified as an activated donor molecule for  
D-Arap in Leishmania (Schneider et al., 1994). Based on experiments 
tracking the metabolism of the D-glucose (D-Glc) to D-Ara in L. major, it 
has been suggested that D-Ara can be synthesized from D-Glc (Schneider 
et al., 1994) via a de novo pathway, in which D-Glc is converted to D-Ara 
through loss of the C-1 carbon of D-Glc (Schneider et al., 1995). However, 
the mechanism of D-Ara synthesis from D-Glc is unknown in C. fasciculata 
and L. major. On the other hand, the conversion of D-Ara to GDP-D-Arap 
by a combined D-Ara-1-kinase/GDP-Ara pyrophosphorylase is well 
described for L. major (Guo et al., 2017) (Novozhilova & Bovin, 2009).  
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Figure 1-10 The proposed salvage and de novo pathways of D-
arabinopyranose metabolism in C.  fasciculata and L. major (Schneider et al., 
1995) (Schneider et al., 1994).  In the salvage pathway D-Arap can be taken 
up by the cell. In the de novo pathway D-Arap can be synthesized from D-
Glc with loss of carbon C1. Once formed, D-Arap is phosphorylated by 
arabino-1-kinase and GDP-D-Arap is formed by action of a GDP-Arap 
pyrophosphorylase (these two activities reside in a single protein). GDP-
Arap is transported into the ER and/or Golgi apparatus and utilized by 
arabinosyltransferases for the arabinosylation of the repeating β-Gal residues 
of the LAG or LPG glycoconjugates. D-Arap could also be the substrate for 
the formation of D-erythroascorbate with arabinolactone (ARL) as the 
intermediate and erythroascorbate as end product. 
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1.4 Synthesis of D-erythroascorbic acid by C. fasciculata 
 

Vitamin C (enediol ascorbate) is a well-known antioxidant in plant (Pavet et 

al., 2005) and mammalian systems (Meister, 1994). It acts to protect against 

oxidative damage by free radicals and reactive oxygen species. Early studies 

reported the presence of erythroascorbic acid in the yeast Saccharomyces 

cerevisiae and in a variety of other fungi, such as Neurospora crassa, Sclerotinia 

sclerotium (Loewus et al., 1995), Lipomyces starkeyi  , and Candida (Murakawa 

et al., 1977). D-Erythroascorbate (D-glycero-2-pentenono-1,4-lactone) is a 

5-carbon analogue of ascorbic acid with identical ring structure, and its close 

structural similarity has led to the suggestion that it may perform the same 

functions as ascorbate in organisms lacking the latter compound. The last 

step in the pathways to ascorbate and erythroascorbate are common to both, 

involving the conversion of an aldonolactone substrate to ascorbate or 

erythroascorbate in reactions catalyzed by a family of aldonolactone 

oxidase/dehydrogenases (Figure 1-11). This group of flavoproteins are 

divided into three classes, based on substrate specificity, electron acceptor, 

and subcellular location. Most mammals contain gulonolactone oxidase 

(GLO), an enzyme that synthesizes ascorbate from L-gulono-γ-lactone by 

using oxygen as electron acceptor (Puskás et al., 1998). In humans, the gene 

is defective, and the lack of GLO activity makes us ascorbate-auxotrophs and  

susceptible to scurvy (Birney et al., 1980). In plants L-galactono-γ-lactone 

is converted to ascorbate by the activity of galactono-lactone dehydrogenase 

(GALDH) in the presence of the electron acceptor cytochrome c. In yeast 

erythroascorbate is formed from D-arabinono-γ-lactone by the activity of 
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arabinono-lactone oxidase (ALO) by using oxygen as an electron acceptor 

(Manhas et al., 2014). More recently, the enzymes D-arabinose 

dehydrogenase (Kim et al., 1996) and D-arabinono-1,4-lactone oxidase 

(Kim et al., 1996), on the pathway from arabinose to erythroascorbic acid, 

have been isolated from Candida albicans, and D-arabinono-1,4-lactone 

oxidase has also been purified from S. cerevisiae (Huh et al., 1998). 

Furthermore, it has been reported that feeding with arabinose or arabinono-

1,4-lactone increases the concentration of erythroascorbic acid in the 

phytopathogen S. sclerotiorum (Loewus et al., 1995) and in Candida species 

(Murakawa et al., 1977). The biosynthesis of D-erythroascorbic acid starts 

from D-Ara, which is oxidized by NAD(P)+ specific dehydrogenases to D-

arabino-1,4-lactone, which is further oxidized to D-erythroascorbic acid by 

D-arabino-1,4-lactone oxidase. The source of the original D-Arap in yeast 

and fungi is, however, unknown. The genes that encode enzymes of animal-

type ascorbate and yeast-type erythroascorbate pathways have been 

tentatively identified in the trypanosomatid genomes. Recently, gulono-1,4-

lactone oxidase in T. cruzi was characterized and was shown to prefer D-

arabino-1,4-lactone to gulono-1,4-lactone as a substrate (Wilkinson et al., 

2005). This suggests that trypanosomatids may perform the yeast-like 

pathway to erythroascorbate rather than animal-type pathway to ascorbate. 

Consistant with this hypothesis is that all trypanosomatid genomes contain 

a gene that encodes an NADP-dependent arabinose dehydrogenase, which 

catalyses the formation of D-arabinono-1,4-lactone from D-arabinose 

(Opperdoes & Coombs, 2007).  
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Figure 1-11 Ascorbate synthesis in mammals and plants, and 

erythroascorbic acid in yeast. The structures of L-gulono-γ-lactone (GUL), 

L-galactono-γ-lactone (GAL), D-arabinono-γ-lactone (ARL), ascorbate 

(ASC), and erythroascorbate (EASC) are shown. The reactions catalysed 

by gulonolactone oxidase (GLO) (A), galactono-lactone dehydrogenase 

(GALDH) (B), and arabinono-lactone oxidase (ALO) (C) are indicated 

(Wilkinson et al., 2005). 
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1.5 Aims of the thesis 
 

Our hypothesis is that the parasites can synthesize D-Ara through one or 
both of two mechanisms: The first putative mechanism is that D-Ara is 
formed from the conversion of D-Glc to D-ribulose-5-phosphate and that 
a D-arabinose-5-phosphate isomerase converts this to D-Ara-5-P. The 
second is that D-Ara arises from the conversion of D-Glc to D-ribose-5-
phosphate (via D-6-P-gluconate and/or D-fructose-6-P) and that a novel 
D-ribose-5-phosphate 2-epimerase converts this to D-Ara-5-P. A 
phosphatase (as yet unidentified) and D-Ara-1-kinase/pyrophosphorylase 
(a known dual function enzyme in Leishmania) would then complete the 
synthesis of GDP-α-D-Arap which is used as D-Arap donor for the 
synthesis of lipophosphoglycan (LPG) or lipoarabinogalactan (LAG). We 
further hypothesise that D-arabinose may be the substrate for the formation 
of D-erythro-ascorbate with arabinolactone (ARL) as an intermediate 
metabolite in kinetoplastids.  

 

The overall objective of my research is to:  
 

1. To look for the de novo pathway for the synthesis of D-arabinose  from 
D-glucose  
 

2. To look for the nucleotide sugar GDP-α-D-Arap in Crithidia fasciculata 
 

3. To look for D-Erythroascorbic acid (C5 analogue of vitamin C) in   
kinetoplastids 
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Chapter 2  

2 Materials and methods  
 

2.1 MaterialsAll general reagents were purchased from Sigma, VWR 

and Merck, unless indicated. The enzymes were purchased from NEB 

and Thermo Fisher.   

 

2.2 Bioinformatics  
Basic local alignment search tool protein-protein (BLASTp) with different 

algorithms: PSI-BLAST, PHI-BLAST and DELTA-BLAST search were. 

For sequence alignment we used Clustal W (Chenna et al., 2003) and Jalview 

(Waterhouse et al., 2009). For in silico plasmid design we used CLC Main 

Benchwork version 6.9.1 software.  

 

2.3 Bacteria strains and culture  

2.3.1 E. coli cell growth  
 

E. coli were grown in LB medium at 37 °C and 200 rpm or on LB-agar plates 

for colony selection. Ampicillin, at a final concentration of 50 µg/mL, was 

used to select transformed bacteria containing the desired plasmids. The 

strain used for general cloning and manipulation was DH5α. Bacterial 

stabilates were made from 800 µl cell culture, that had been grown overnight, 
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to which 10 % glycerol was added. The stabilates were stored at -80 °C and 

revived by inoculating them into liquid LB medium. All media were 

obtained from the Media kitchen, School of Life Sciences, University of 

Dundee.  

2.3.2 Making chemically strain E. coli TCM15 competent cells 

The frozen stock of the strain E. coli TCM15 was streaked out onto an LB 

plate supplemented with A5P 15 µM (Sigma) and G6P 10 µM (Sigma) (no 

antibiotics were used since these cells do not have a plasmid in them). All 

the procedure were executed in a sterile hood. The plate were grown 

overnight in a 37°C incubator (Binder). A single colony were inoculate into 

5 mL LB media supplemented with 15 µM A5P and 10 µM G6P, overnight 

at 37 °C with shaking at 200 rpm. After the incubation 150 µL of culture 

was expanded into 30 mL LB media supplemented with 15 µM A5P and 10 

µM G6P in a sterile flask. The culture was grown at 37 °C, shaking at 200 

rpm, to OD600 0.5 – 0.6 (Ependorf BioPhotometer 8.5 mm). The cells were 

chilled in an ice-water bath for 10 to 15 minutes and transferred to a pre-

chilled centrifuge JA 25, in 50 ml tubes and centrifuged for 20 minutes at 

4200 rpm (3635 x g) in a JA 25 rotor (pre cooled) at 2°C  (Beckman AvantiTM 

J-25). The pellet was resuspended and washed for three times with 30 mL

10 % ice – cold glycerol. Aliquots of 25 µL were stored into pre chilled single-

use Eppendorf tubes in – 80 °C.
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2.3.3  E. coli TCM 15 (ΔkdsDΔgutQ) Electroporation  
 

E. coli TCM 15 (ΔkdsDΔgutQ) double knockout mutant were used for 

electroporation in the complementation assay. Aliqutes of 25 μl 

electrocompetent E. coli TCM15 (ΔkdsDΔgutQ) cells were transferred to 

each 9-10 cuvettes (2 mm electrode gap, Gene Pulser Cuvette Bio Rad) 

containing 1 ng of plasmid DNA (Table 2-1, list of ID genes used for the 

complementation) each and 1 cuvette with no plasmid DNA as a negative 

control. The plasmids had been previously ethanol precipitated as described 

in the section DNA precipitation (section 2.4.8), washed to be free-salt and 

redissolved in 10 μl sterile water. The cells were electroporated using Gene 

pulser II (BioRad) 2.5 kV, 25 uF. After the electroporation the cuvettes were 

placed for 2 min on ice and immediately transferred in 1.5 ml Eppendorf 

tubes with 500 μl LB-Amp medium supplemented with 15 μM A5P and 10 

μM G6P. Then the Eppendorfs tubes were incubated for 1 h at 37 °C 200 

rpm to allow the cells to grow. The transformed cells were plated on agar 

plates LB-Amp with 15 μM A5P and 10 μM G6P and left at 37 °C 

overnight. After incubation a single colony from each plates were inoculated 

to a 50 ml falcon tube (BD FalconTM tubes) containing 5 ml liquid LB-Amp 

medium with 15 μM A5P and 10 μM G6P and, the colonies were left to 

grown by shaking at 37 °C overnight. Then the cells were washed three times 

with LB-Amp medium by centrifugation (3.300 x g, 10 min, 4 °C, Beckman 

Coulter) to remove A5P and G6P. The washed cells were streaked on LB-

Amp plates with and without 15μM A5P and 10 μM G6P and grow 

overnight at 37 °C. The plasmid(s) DNA which complemented the E. coli 

TCM15 (ΔkdsDΔgutQ) grown in both the conditions of the agar plates. 
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Successfully, complementation was determine by DNA mini-prep 

preparations of 5 to10 colonies, followed by restriction digest analysis and 

DNA sequencing.  

 

2.4 Molecular biology  
 

2.4.1  Primers  
 

The primers were designed to contain 20-25 bp of complementary sequence, 

have a guanine (G) or cytosine (C) at their 3’ end and a melting temperature 

(Tm) around 60 °C. The Tm was calculated according to the following 

formula: Tm = (G + C) x 4 °C + (A + T) x 2 °C or by using the software 

Oligonucleotide Properties Calculator 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) where only the 

nucleotides in the complementary sequence of the primer were considered in 

the calculations. The primers were all synthesized by the Primers/Oligos, 

Cloning & Gene Synthesis (Thermo Fisher Scientific). 
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Table 2-1. List of primes 
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Table 2-2. List of plasmid vectors used in this study 
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Table 2-3. PCR Reactions 

2.4.2  Polymerase Chain Reactions (PCR) 
 

The polymerase chain reactions (PCRs) were performed with the high 

fidelity Hot Start Kod Polymerase (Merck), Taq DNA polymerase and Q5 

Hot Start DNA polymerase in a 25 or 50 μl volume. The conditions and 

programs used are listed in Table 2-3. The annealing temperature depends 

on the primers Tm.  For all the PCR reaction Tm-5 °C was utilised and, for 

the elongation the time was chosen in based of the product length. The 

reactions were analysed by agarose gel electrophoresis, band containing a 

product of the correct size were excised and the DNA purified as described 

in section Purification of DNA fragments (section 2.4.4).  

 

 

 

1) 
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2) 

 

 

 

 

 

 

 

3) 

 

 

 

 

 

 

 

(The MJ research PTC-225 Peltierthermal Cycler device was used for all 

PCR reaction).  
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2.4.3  Agarose gel electrophoresis  
 

Agarose gel electrophoresis was used for DNA separation. The gel 1% 

agarose were run with a BioRad machine, 6x sample buffer (Promega) was 

added to the sample, which was loaded and the gel was run in 1x TAE ( 0.04 

M Tris-acetate, 0.001M EDTA), which was prepared from a 50 x stock 

solution (Media kitchen, University of Dundee). The gels were run at 80V 

for 45 min and imaged with UGenius (Syngene). To estimate sizes 100bp 

and 1kb DNA ladders (Promega) were used. 

 

2.4.4  Purification of DNA fragments 
 

Plasmid vectors or DNA fragments obtained from PCR products or 

linearized and digested vectors were purified after separated on the agarose 

gel using the Qiagen Gel extraction kit (Qiagen). The final purified DNA 

was eluted in 2mM TrisHCl pH 8.5 concentration was estimated by A260 

at a spectrophotometer (BioDrop). 

 

2.4.5  Restriction enzyme digestion  
 

All restriction enzymes used were obtained from Thermo Fisher or NEB. 

The digestions were performed in the buffer systems recommended by the 

manufacturer. Large amounts of DNA were digested overnight at 37 °C.  
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2.4.6  Dephosphorylation of vectors   
 

After restriction enzyme digestion plasmids were dephosphorylated with 

Antarctic Phosphatase (AnP) from NEB for 30 min at 37 °C. The reaction 

was heat-inactivated at 65 °C for 15 min in a water bath.  

 

2.4.7  DNA ligation and transformation of E. coli   
 

The concentration of purified, digested vector and insert were measured by 

UV absorbance at 260 nm. The insert to vector ratios were calculated using 

the following calculation: {[ng of vector] x [kb size of insert]} / { kb size of 

vector} x ( insert : vector ration) = ng of insert required. The 3- or 5- fold 

amount of this value (in ng) was the amount of insert used. As a negative 

control the reaction was performed in the absence of insert to assess the 

amount of background re-ligation. The reaction were incubated at room 

temperature for 30 min and then placed at 4 °C overnight. From the reaction 

1 µl was added to 50 µl DH5α competent cells and incubated on ice for 20 

min followed by heat shock at 42 °C for 45 sec. For recovery the cells were 

incubated on ice for 2 min and the 500 µl SOC (Table 2-6) medium was 

added and the cells were allowed to grow shaking at 37 °C for 1 h. 

Subsequently the cells were plated on LB agar plates, containing ampicillin 

or kanamycin. The ligation was determine by DNA mini preparations of 5 

to10 colonies, followed by restriction digest analysis and DNA sequencing.  
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Table 2-5. SOB medium 

Table 2-6. SOC medium 

Table 2-4. Reaction of DNA ligation 
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2.4.8  DNA precipitation  
 

DNA was precipitated by the addition of 1/10 volume 3 M sodium acetate 

(pH 5.2) and 2 volumes 100% ethanol (EtOH). The DNA was allowed to 

precipitate at -20°C for 20 min. It was subsequently centrifuged for 20 min 

at 13,000 rpm at 4 °C (Eppendorf centrifuge 5415-R)  and washed three 

times with 70% EtOH followed by air dry and resuspend in sterile water in 

appropriate amount. This protocol was used to concentrate or to store 

plasmid and genomic DNA.  

 

2.4.9  DNA sequencing  
 

DNA sequencing was performed by the DNA sequencing service at the 

School of Life Sciences, University of Dundee. The regions of interest in the 

plasmid were sequenced twice in each direction.   

 

2.4.10  Purification of plasmid DNA 
 

Plasmid DNA transformed in DH5α or TCM15 E. coli strains, was purified 

and prepared from 5 ml culture (for the miniprep) grown at 37 °C 200 rpm 

shaking overnight using by QIAprep Spin Miniprep Kit (Qiagen). For the 

large scale preparation 100 ml of bacterial cells were grown as above, 

aliquoted in 5ml/tube in 14 ml Falcon round-bottom tubes (Becton 
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Dickinson) and sent for the robot (Qiagen Biorobot 9600s) DNA 

sequencing and Miniprep purification,  School of Life Sciences, University 

of Dundee. The DNA was quantified by UV absorbance at A260 using a 

spectrophotometer (BioDrop).  

 

2.4.11  Site-Directed Mutagenesis  
 

After ligation of the joint UTRs in the pGEM plasmid, the HindIII site 

contained in the 3’-UTR region was site-mutated from aagctt to aagcat using 

the Q5®Site-Directed Mutagenesis Kit (NEB) according to the 

manufacturer’s instructions. The primers used for the mutagenesis are listed 

in Table 2-1.  

 

2.4.12 DIG-labelled DNA probe by PCR  
 

The DNA probe was generated using the PCR DIG Probe Synthesis Kit 

(from Roche). For a control a PCR without DIG labelling reagent was also 

run with the DNA probe. The PCR cycler (PTC-225 Peltier Thermal 

Cycler, MJ Reasearch) was programmed as described in the Table 2-3 PCR 

reactions. Aliquots of the reactions (10 μl) were analysed by 1 % agarose gel 

electrophoresis as described in Section Agarose gel electrophoresis (section 

2.4.4) to check the size in the labelled probe and estimate the amount of the 

probe. When the difference in size to the control (without labelled probe) 

was observed 40 μl of the probe in 25 ml of hybridization buffer were used. 

The membrane was placed in a roller bottle (Techne) and pre-hybridized in 
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EasyHyb solution (Roche) at 45 °C, 50 °C and 60°C for different probes for 

30 min in a Hybridized HB-1D oven (Techne). The probe was denatured 

by heating to 100 °C for 5 min in a water-bath (Grant) and quickly cooled 

on ice, before being added to a membrane. The membrane was then 

hybridized overnight in the EasyHyb solution. After hybridisation, the 

membrane was washed twice for 10 min in a pre-warmed 1x SSC, 0.1 % 

SDS (at 45 °C, 50 °C, 60 °C) and twice for 15 min 0.5x SSC, 0.1 % SDS at 

65 °C. The membrane was then equilibrate for 5 min at room temperature 

in 1x washing buffer before being blocked for 30 min in blocking solution 

(DIG wash and block buffer set from Roche). The membrane was then 

incubated for 30 min with a 1:10000 dilution in blocking buffer of Anti-

DIG AP-conjugate antibody (Roche), followed by 2x washing steps with 1x 

wash buffer for 15 min each step. After the wash the membrane was 

incubated for 5 min in 1x detection buffer. The membrane was placed in a 

plastic folder and 4 – 6 drops of detection reagent CSPD (Roche) was 

applied. After the membrane was incubated 5 min at room temperature in 

the dark and 10 min at 37 °C. Films (HyperfilmTM ECL, Amersham) were 

exposed from 10-30 min and developed with a Compact X4 developer.  
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Table 2-7. DIG-labelled DNA probe by PCR reaction 

 

 
 
 
 
 
 
 
  
 

2.4.13 RNA extraction/isolation   
 

Total RNA from cell pellets were isolated using RNeasy MiDi Kit (Qiagen). 

The pellet were resuspended in RNeasy lysis buffer (RTL) and processed 

following the manufacturer’s instructions. Isolated RNA was treated with 

DNase I (AmbionTM RNase-free, Thermo Fisher). RNA concentrations 

were verified by absorbance A260 (Spectrophotometer 3000). The quality of 

isolated RNA was assessed by an Agilent 2100 bioanalyzer, providing high 

quality digital data.  

 

2.4.14 Complementary DNA (cDNA) synthesis  
 

cDNA was synthesized following the manufacturer’s protocols from 

SuperScript® IV First-Strand Synthesis kit (Invitrogen). The amount of 

input RNA used was 5 μg and the final volume for all reactions was adjusted 

to 13 μl with ddH2O. The tube was briefly centrifuged, mixed, and incubated 
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at 65 °C for 5 min and added the enzyme SuperScript IIIRT, 0.1 mM DTT 

and 5 x First-Strand buffer followed by incubation for 30 min at 50°C. 

cDNA was stored at -20°C overnight and then used for PCR (described in 

section 2.4.2). 

 

 

2.5 Protein biochemistry  

2.5.1 Coomassie blue protein stain 
 

To visualise the protein resolved by SDS-PAGE the gels were stained for 1 

hour with 0.8 % Brillant Blue G (Sigma) fixed in 50 % methanol, 10 % acetic 

acid. The gel was rinsed for 1 min with methanol/water/acetic acid (ratio 4: 

4: 1) and then destained in 10 % acetic acid until the bands were visible.  

 

2.5.2 Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis        
 

SDS-PAGE was performed using pre-cast Novex 10% and 12% Bis-Tris 

gels with running buffer (20x 50mM (3-(N-morpholino) propanesulfonic 

acid (MOPS), 50mM Tris Base, 0.1% SDS, 1mM EDTA, pH 7.7 from 

Invitrogen) or in MES running buffer in an Xcell-II mini tank (from Novex) 

at 200 V using a BioRad Power Pac Junior. Samples were prepared using 2 

x SDS Sample buffer (Invitrogen) and a final concentration of 0.1 M DTT 

as reducing agent. Before loading the samples were heated at 50 °C or 

sonicated in a water bath for 20 min.  
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Table 2-8. 20X MES (4-morpholineethane sulfonic acid) running 
buffer, pH 7.3 
 

 

 

 

 

 

 

 

 

2.5.3 Western blot 
 

 After SDS-PAGE the protein were transferred onto a nitrocellulose 

membrane (NuPAGE TM 10% Bis-Tris Gel) using the gel transfer track by 

iBLOT2-Dry Blotting System (Invitrogen). Afterwards the membrane was 

incubated for 5 minutes with Poinceau S (Sigma) to verify the success of the 

transfer of the proteins to the membrane and then blocked in 50 mM Tris-

HCl pH 7.4, 0.15 M NaCl, 0.25 % BSA, 0.05% (w/v) Tween-20, 0.05 % 

NaN3 and 2% (w/v) fish skin gelatin  (Blocking buffer) for 1 hour.  

Primary antibody were diluted in blocking buffer and incubated with the 

membrane for 1 hour at room temperature rotating (Routator SB3, Stuart). 

After the incubation with the primary antibody the membrane was washed 

3 times with 1X PBS, 10% Tween 20 washing buffer using a SNAPid device. 

Second antibody were diluted in blocking buffer and incubated with the 
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membrane for 10 min. The membrane was whash 3 times with waashing 

buffer and develop using the Licor device. For the Licor system 4X 

NuPAGE SDS sample buffer was used without blue dye otherwise would 

detected in the red channel. 

 

    

 

2.5.4  Protein concentration determination  
 

Protein concentration was measured from a solution by Bradford assay using 

colorimetric assay techniques Pierce 660 nm protein assay (Thermo) 

according to manufacturer’s instructions. As a standard BSA (Thermo) was 

used and the absorbance was measured at 660nm. Alternatively, the 

concentration of proteins in the solution was measured by using DeNOVIX 

DS-11 Spectrophotometer absorbance at 280nm (UV range).  

 

Table 2-9. 4X NuPAGE SDS sample buffer 
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Table 2-10. Buffer 20 x SSC 

2.5.5  Southern blotting  
 

Genomic DNA (10 μg) were digested for 16 h at 37°C with the restriction 

enzyme and run on a 0.8% agarose gel with ethidium bromide (Sigma) and 

imaged (G: Box Syngene). The gel was washed for 10 min with 0.2 M HCl, 

15 min in 0.5 NaOH, 1.5 M NaCl and twice for 20 min in 1 M TrisHCl, 

1.5 M NaCl pH 7.5. All washes were performed at room temperature under 

shaking. The DNA was then transferred on a positively charged nylon 

membrane (Roche) by capillary action, described in figure 3.2. The transfer 

were performed overnight in 10 x sodium chloride, sodium citrate buffer (10 

x SSC). After the transfer the membrane was washed 3 x with 5 x SSC and 

air-dried. DNA was crosslinked to the membrane using 1200 UV counts on 

a CL-1000 (UVP) UV crosslinker.  
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2.5.6  Protein purification  
 

E. coli BL21 gold (DE3) cells harbouring the pET15b - CFAC1_110017900 

(hypothetical protein from C. fasciculata) plasmid were grown in 1 liter of 

LB+Amp medium. Once the culture reached the mid-exponential growth 

phase (D600 = 0.6) the culture was allowed to cool to 20 °C before being 

induced with isopropanol β-D-thiogalactoside (IPTG) at a final 

concentration of 0.1 mM.  After 16 h of growth at 20°C the cells were 

harvested by centrifugation (4000 g, 30 min, 4 °C, Beckman). The pellet was 

resuspended in 35 ml of buffer A (20 mM sodium phosphate, 0.5 M NaCl, 

40 mM imidazole, pH 7.4) with protease inhibitor cocktail tablets 

(Complete, EDTA-free) and then lysed using a French-press (30 psi) 

(Pressure cell-homogeniser, Stansted). Cellular debris was removed by 

centrifugation (40.000 x g, 30 min, 4°C, Optima L-90K Ultracentrifuge, 

Beckman) the supernatant was filtered using a 0.22 µm pore size filter 

(Minisart Syringe filter). The supernatant was decanted, loaded onto a 1 ml 

His-Trap flow column (GE Healthcare Life Science) that had been pre-

equilibrated with buffer A. The protein was eluted using a 0-500 mM 

gradient of imidazole in buffer B (20 mM Sodium phosphate, 0.5 M NaCl, 

500 mM imidazole, pH 7.4) over 40 min. Fractions containing primary 

hypothetical protein (20 kDa) were confirmed by SDS/PAGE (described in 

section 3.5.2). All the buffers used for the protein purification were filtered 

and degassed. The fractions were pooled and buffer was exchanged with PD-

10 Desalting Column (GE Healthcare Life Science) which had been 

equilibrated with 25 ml, 100 mM TRIS-HCl pH 7.8 and, 2.5 ml of the pool 

fractions were loaded and eluted with 3.5 ml 100 mM TRIS-HCl pH 7.8. 
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The amount of the protein was measured as describe in (section 2.5.4) and 

aliquoted and stored at -80°C. The purified enzymes were incubated with 

A5P or Ru5P and the activity was measured by GC-MS (section 2.8.7) with 

colorimetric cysteine-carbazole assay (section 2.5.8).      

 

2.5.7  Total protein fractionation    
 

C. fasciculata (wt) were grown in 1 liter medium. Once the culture reached a 

mid-log phase the cells (2 x 107  cells/ml) were pelleted by centrifugation 

(1000 x g, 30 min, 4°C, Sigma Laboratory Centrifuge 4K15), washed twice 

with 1 x  ice-cold phosphate-buffered saline and the pellet was resuspended 

in 10 ml of buffer A (5 mM TRIS pH 7.8) with protease inhibitor cocktail 

(mini tablet EDTA-free, 0.1 mM TKCL, 1μg/ml aprotinin, 0.1 μg/ml 

leupetin) and then lysed using a French-press (30 psi) (Pressure cell-

homogeniser, Stansted) .The lysate was centrifuged at 100,000 g for 1 h at 

4°C (Optima L-90K Ultracentrifuge, Beckman) to remove insoluble 

material, and the supernatant was filtered using a  0.22 µm pore size filter 

(Minisart Syringe filter). The supernatant was loaded onto a MonoP column 

(GE Healthcare Life Science) that had been pre-equilibrated with buffer A 

(5 mM TRIS pH 7.8). The total soluble protein was eluted using a gradient 

from 0 - 500 mM  imidazole in buffer B (5 mM TRIS pH 7.8, 1 M NaCl, 

500 mM imidazole, pH 7.4) over 60 min and 1 ml fractions were collected 

in the ÄKTA system. All the buffers used for the fractionations were filtered 

and degassed. Each fractions was incubated with 60 nmol A5P and analysed 
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for the enzymatic assay by the cysteine-carbazole colorimetric assay as 

described in section 2.5.8.  

 

2.5.8  Cystein-carbazole enzymatic assay 
 

The hypothetical API enzyme CFAC1_110017900 activity was determined 

by a 96-well (non-treated, Polystyrene, Costar) microplate adaptation of the 

discontinouns cysteine-carbazole colorimetric assay. A solution containing 5 

μl of enzyme (in buffer 100 mM Tris-HCl, pH 7.8) and 45 μl of sugar 5-

phosphate at different concentration, and incubated at room temperature for 

1 h. The reaction was quenched with 50 μl of 25 % H2SO4. A 90 μl aliquote 

was to a flatbottom assay plate containing 250 μl of a freshly prepared H2SO4 

– cystein-carbazole mixture (230 μl of 25 % H2SO4: 10 μl of an acqueous 

cysteine 1.5 % solution: 10 μl of a 0.12 % ethanolic carbazole solution in each 

well). Plates were thoroughly mixed, and the colour was allowed to develop 

at room temperature for 1 or 3 h, depending on the assay. Plates being 

monitored for the appearance of ketose were read at 540 nm after 3 h of 

colour development, and the plates being monitored for the disappearance 

of ketose were read after 1h. All plates contained internal Ru5P standards 

and A5P in triplicate. 
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2.5.9  Cell fixing, staining and imaging 
 

About 2 x 107 C. fasciculata cells at log phase density were harvest by 

centrifugation and washed with cold 1x PBS. The cells were centrifuge at 

600x g 10 min at 4°C (Sigma Laboratory Centrifuge 4K15) and resuspended 

very gently to reduce cell bursting.  Equal volume of 8 % PFA in PBS were 

added to the cells and incubated at 4 °C for 30 min. Round coverslip (13mm 

diameter, VWR) were pre-washed with 70% EtOH and air-dried then 

placed in the wells of 12-well plate (TPP) and pre-cooled on ice. 

Subsequently, the coverslip were washed with 1 ml of 1x PBS. After washing 

10 μl of cells were placed in the centre of coverslip, the excess of the cells was 

removed leaving only a thin film behind and let air-dried inside a humid 

chamber.  The coverslip were incubated with DAPI (Invitrogen) for 30 min 

at room temperature and cover with foil during the incubation. The coverslip 

were washed 3x with 100 μl of 1x PBS before mounting of frosted glass slides 

(VWR). ProLong® Gold antifade reagent with DAPI (Invitrogen) was 

spotted on the slide and immediately the coverslip was placed slowly on the 

drop of the mounting agent, the excess of the reagent was aspirate. The slides 

were left for 15 min in the dark at room temperature and sealed with nail 

varnish. Microscopy was performed on a Zeiss LSM 700 confocal 

microscope. All the solutions used in this protocol were filtered on a 2 μm 

Minisart filtering unit (Sartorius).  
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2.5.10 Fixation of cells in growth media and capture on 

membrane for SEM microscopy  
 

Cells were directly in growth media using to a final 2.5% glutaraldehyde for 

up to 24 h. Cells were collected on Whatman nucleopore membranes and 

rinsed 2 x 15 min with PBS. Membrane were then placed in 1% osmium 

tetroxide for 16-18 h then rinsed 2 x 15 min with dH2O. After dehydration 

through a graded ethanol series samples were critically point dried using a 

BAL-TEC CPD 030. Membranes were then mounted on Al stubs using 

carbon adhesive tabs and coated with 25nm Au/Pd using a Cressington 

208HR stutter coater. Specimens were examined using a Joel electron 

microscopy 7400F operating at an accelerating voltage of 5Kv. 

 

2.5.11 DAPI staining 
 

DAPI (4’, 6-diamidino-2-phenylindole) was used to stain the DNA of 

parasites. DAPI was prepared as a stock solution of 10 mg/ml in sterile water 

and added to cells at a final concentration of 1 μg/ml, incubated at room 

temperature.  
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2.6  Cell culture  
 

2.6.1 Crithidia fasciculata cell cultures 
 

C. fasciculata (strain HS6) were grown in two different media conditions. In 

the first condition they were grown at 27 °C in a shaking  incubator at 200 

rpm. The medium contained yeast extract (BD, 5 g/L ), tryptone (BD, 4 g/L 

), sucrose (15 g/L ), Tween 80 (5 g/L ), triethanolamine (2.5 ml/L ), pH 

adjusted to 8.0 with 5M HCl (Shim & Fairlamb, 1988). The medium was 

sterilized by autoclaving and supplemented with haemin solution (Sigma, 

2mg/L). In the second condition Crithidia were grown in SDS-79 media 

(Schönenberger and Brun, 1979), containing 10% fetal bovine serum and 1x 

GlutaMAXTM at 28°C without shaking. In both the condition Crithidia were 

subcultured by dilution to 10⁶ cells/ml with fresh medium every second day. 

Under these conditions consistently excellent growth (up to 2 x 10⁸ cells/ml). 

The concentrated cells were pelleted by centrifugation (10 min at 1000 x g) 

(Sigma Laboratory Centrifuge 4K15), resuspended in media containing 1% 

D-glucose and stored at -80°C.  

 

2.6.2  Leishmania major cell cultures 
 

L. major  wt (MHOM/SU/73/5ASKH) promastigotes were cultured in 

SDM-79 media (Schönenberger and Brun, 1979) or M199 media (Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, 
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Invitrogen), and 1x GlutaMAXTM at 28 °C. L. major gfat-/- medium was 

supplemented with either D-glucosamine (GlcN, Sigma) or N-acetyl-D-

glucosamine (GlcNAc, Sigma), 80 μg/ml hygromycin B and 20 μg/ml 

puromycin (Naderer et al, 2008). Cells were grown to a maximum density of 

6 x 107 cells/ml.  

 

2.6.3 Trypanosoma brucei cell cultures 
 

T. brucei (strain 427, variant MIT-a T 1.2) bloodstream form cells were 

grown in HMI-9 medium, at 37°C with 5% CO2 in flasks with filter lids 

(Greiner Bio-One) and cultured to a maximum density of 2 x 106 cells/ml. 

The cell line were single marker which express a T7 polymerase and a 

tetracycline repressor protein (TetR) (Wirtz et al., 1999). These 

modifications are under 4 μg/ml neomycin (G418) (Gibco) selection.  

 
 
 

2.6.4  Counting cell density  
 

For the cell density 20 μl of cells were placed in a 1.5 ml Eppendorf tube 

containing 200 μl of 2% formaldehyde, mixing thoroughly. Then 10 μl of 

the fixed cells were placed on the Neubauer haemocytometer and left at room 

temperature for 5 minutes to allow the cells to settle down. Alternatively, the 

cells were counted using a cell counter (Beckman Coulte Z2 Particle Count 

and Sizer).  
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2.6.5  Generations of stabilates 
 

The parasites were grown to mid log phase approximately 3-4 x 106 cells/ml, 

centrifuge 800 x g for 10 min at 4°C (Sigma Laboratory Centrifuge 4K15) 

and resuspended in 1 ml SDM-79 for Leishmania and Crithidia and 1ml 

HMI-9 T. brucei bloodstream form, containing 10% glycerol but not 

antibiotics. Aliquots of 0.5 ml were transferred to 2 ml Cryovials (Nalgene), 

frozen overnight and then stored in a crystorage unit (Jencons) in liquid 

nitrogen.  

 

2.6.6  Stabilate recovery 
The cryovial stabilate tube(s) were taken from the liquid nitrogen storage to 

the tissue culture Category 3 flow hood. Defrosted rapidly and centrifuge 

800 x g for 10 min at room temperature and the pellet were resuspended in 

the 10 ml SDS-79 or HMI-9 media containing the supplement of specific 

parasites and incubate in the proper incubator.  

  

2.6.7  Genomic DNA isolation from parasites 
 

Parasites were grown to log phase density and 1x108 cells were harvested by 

centrifugation (Sigma Laboratory Centrifuge 4K15) for 10 min at 4 °C, 1000 

x g. The cells were washed twice with 1X PBS and lysed with 200 μl lyses 

buffer followed by heating overnight at 50 °C. After addition of 0.5 ml of 

pre-cooled absolute ethanol, the lysed was centrifuge for 20 min at 16,000xg 

(5415-R microcentrifuge, Eppendorf). The supernatant was decanted and 

the pellet washed with 70% ethanol (5min, 16,000xg). After decanting the 
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wash, the pelleted genomic DNA was left to air-dry before redissolving in 

50 µl of 2 mM TrisHCl pH 8.5. 

 

 

2.7  Crithidia fasciculata electropororation  
 

2.7.1  Electroporation using Lonza NucleoFactor device  
 

Crithidia fasciculata cells were grown in SDM-79 containing 10% FBS to a 

density of 1x107 /ml. The cells were centrifuged (500 x g for 10 min at room 

temperature, Sigma Laboratory Centrifuge 4K15) and washed twice with 

cytomix buffer Table 3.10 (Hoff et al., 1992). Then the cells were 

resuspended to a density of  3-4 x 107 cells/ml and 100 μl were transferred to 

each of 5-6 cuvettes (2 mm electrode gap, Gene Pulser Cuvette Bio Rad) 

containing 1 μg of plasmid DNA each and 1 cuvette with no DNA as a 

negative control. The plasmid had been previously digested with NotI (NEB) 

at 37 °C overnight and the enzyme was inhibited at 65 °C for 30 min, aliquot 

of the reaction was used to confirm the correct digestion had taken place by 

agarose gel electrophoresis (described in section 2.4.3). The remaining DNA 

was ethanol precipitated as described in (section 2.4.8) and redissolved in 

sterile H2O. The cells were electroporated using Lonza NucleoFactor 2b 

program X-001. After the electroporation the cells from each cuvette were 

transferred into a 50 ml flask (T-25 Flask CytoOne) with 10 ml SDS-79 

media containing 10 % fetal bovine serum and GlutaMAXTM. The cells were 

left to recover for 5-6 h at 28°C and then added 10 ml of medium containing 
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double the concentration of the selection antibiotic for the construct 

followed by plated out in 12 wells plates (Treated, TPP) with 2 ml in each 

well. The plates were left incubating at least two weeks, when the cells from 

the negative control should all dead. Resistant cells were diluted to get 

clones. The diluted plates were left for 10 days and stabilates as described in 

section 2.6.5 were generated from the resistant cultures and their genotypes 

were verified by PCR (section 2.4.2) and Southern blot analysis (section 

2.5.5).  

 

2.7.2  Electroporation using BTX device  
 

Crithidia fasciculata cells were grown in SDM-79 containing 10% FBS to a 

density of 1x107 /ml. The cells were centrifuged (500 x g for 10 min at room 

temperature, Sigma Laboratory Centrifuge 4K15) and washed twice with 

cytomix buffer Table 3.10 (Hoff et al., 1992). Then the cells were 

resuspended to a density of  3-4 x 107/ml and 450 μl were transferred to each 

of 5-6 cuvettes (4 mm electrode gap, Gene Pulser Cuvette Bio Rad) 

containing 1 μg of plasmid DNA each and 1 cuvette with no DNA as a 

negative control. The plasmid had been previously digested with NotI (NEB) 

at 37ºC overnight and the enzyme was inhibited at 65 ºC for 30 min an 

aliquot of the reaction was used to confirm the correct digestion had taken 

place by agarose gel electrophoresis (section 2.4.3). The remaining DNA was 

ethanol precipitated (section 2.4.8) and redissolved in sterile H2O. The cells 

were electroporated using 1700 volts, duration 0.1 ms, pulse 3, and interval 

0.2 sec (BTX Gemini System). After the electroporation the cells from each 
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cuvette were transferred into a 50 ml flask (BD FalconTM tubes) with 10 ml 

SDS-79 media containing 10% fetal bovine serum and GlutaMAXTM. The 

cells were left to recover for 5-6 h at 28 °C and then added 10 ml of medium 

containing double the concentration of the selection antibiotic for the 

construct followed by plating out in 12 wells plates (Treated, TPP) with 2 

ml in each well. The plates were left incubating at least two weeks, when the 

cells from the negative control should have all been dead, the resistant wells 

were diluted to get clones. The diluted plates were left for 10 days and 

stabilates (section 2.6.5) were generated from the resistant cultures and their 

genotypes were verified by PCR (section 2.4.2) and Southern blot analysis 

(section 2.5.5).  

 

Table 2-11. Antibiotics used in the cell culture and genetic manipulation 
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Table 2-12. Cytomix buffer (Hoff et al., 1992) 
 
 
 
 

 

 

 

 

 

 

 

 

 

2.7.3  C. fasciculata and L. major crude cell lysate  
 

C. fasciculata and L. major cells were grown to log phase density 2 x10⁷ 

cells/ml, harvested by centrifugation (Sigma 6-16 KS) and washed three 

times with 1x PBS at 4 °C. After the last wash the cells were transferred into 

50 ml tubes and pelleted at 1000 x g for 15 min at 4 °C (Sigma Laboratory 

Centrifuge 4K15). The cells were then resuspended in methanol (VWR)/ 

chloroform (VWR)/ water (Pierce Water LC-MS grade) in ratio 8: 5: 3 

mixed and vortex. Lysates were stored at -80°C until required. 
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2.7.4 T. brucei crude cell lysate  
 

T. brucei cells were grown to log phase density of 2 x10⁷ cells/ml, harvested 

by centrifugation (Sigma Laboratory Centrifuge 4K15) and washed two 

times with 1 x PBS at 4°C. After the last wash the cells were transferred into 

1.5 ml tubes and pellet at 16.000 x g (Centrifuge 541-R, Eppendorf). The 

cells were then resuspended in 2% SDS sample buffer (Invitrogen) and 

heated at 50°C for 20 min before loading on the gradient SDS-PAGE gel 

(Invitrogen).  

 

 

2.8  Analytical analysis 
 

2.8.1 Extraction of LAG from C. fasciculata and LPG from L. 

major  
 

A starting material of 1 x 1010 cells freeze dried cells  was resuspended in 20 

ml chloroform: methanol: water 5 : 5 : 1 (v:v:v) , vortexed  and incubated for 

1 h in a water bath sonicator (UW, Norm Tech) to help solubilization. The 

resuspended cells were left for 2-3 h at 4°C followed by a second extraction 

and incubation at 4°C overnight. The supernatant was removed by 

centrifugation (4°C for 30 min, 3000 x g, Sigma Laboratory Centrifuge 

4K15) and the delipidated pellet was dried under a stream nitrogen before 

resuspended with 1 ml 9% butan-1-ol and water bath sonicated, to help to 

dissolve the pellet. A Dounce homogeniser was used on the cell pellet. After 
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the homogenised were formed, were left for 1 h in a water bath sonicator 

(UW, Norm Tech). The suspensions were then centrifuged (3000 x g, 30 

min, RT) and, the supernatant was lyophilised and resuspended in 0.1 M 

ammonium acetate in 5% propan-1-ol and applied to an octyl-Sepharose 

column (6 ×1.5 cm) that had been subjected to gradient elution then pre-

equilibration in the 5% propan-1-ol solvent. The sample was loaded and 

lifted in the column overnight at room temperature, to increase the binding 

of LAG/LPG to the column.  

 

2.8.2  Rapid analysis of LPG phosphoglycans reapeats 
 

L. major total lysates of 2 x 109 promastigote cells were delipidated by 

extraction (twice) with 5 ml chloroform/methanol/water ration 8: 4: 3 

(v/v/v). The pellets were resuspended in 1 ml 9 % water saturated butan-1-

ol and incubated for 30 min in a water-bath sonicater (UW, Norm Tech). 

An equal volume of 100% butan-1-ol was added to the supernatant to allow 

the phase-separation. The lower phase contains LPG were re-extracted 

twice with 1 ml 9 % water saturated butan-1-ol and adjusted to 0.1 M 

ammonium acetate. Supernatant were applied to a pre-washed and pre-

equilibrated C18 reverse-phase concentration/desalting trap cartridge (Sep-

Pak ® Vac 1cc 50 mg, Waters). The cartridge was washed with 1 ml 1 % 

propan-1-ol, 5mM ammonium acetate and eluted with 60% propan-1-ol. 

The elution fractions were dried in a Speedvac (Christ RVC 2-25) and 

resuspended in 40 mM TFA as described in section 2.8.12. The hydrolysed 

LPG were analysed by ES-MS in negative ion mode (section 2.8.13). 
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2.8.3  Octyl-Sepharose chromatography 
 

Octyl-Sepharose chromatography was carried out using 10ml octyl-

Sepharose CL-4B (Sigma) packed into a 6 cm x 1.5 cm column (Omnifit) 

after degassing under vacuum in 5% propan-1-ol, 100 mM ammonium 

acetate (buffer A). After pouring, the column was washed with one column 

volume buffer A and 1 column volume 60% propan-1-ol (buffer B).  The 

column outlet was connected to a peristaltic pump (Pump P-1 Amersham 

Bioscience) and the inlet connected to a gradient mixer (Pharmacia Biotech) 

subjected to a blank 5% propan-1-ol, 100 mM ammonium acetate to 60% 

propan-1-ol gradient. Once re-equilibrated in 5% propan-1-ol 100 mM 

ammonium acetate the sample was loaded onto the column at 12 ml/h. 

Following sample loading, the column was washed with one column volume 

of buffer A at a flow rate of 22 ml/h. The column inlet was then reconnected 

to the gradient mixer and the column eluted with a gradient from 5% 

propan-1-ol to 60% propan-1-ol. Fractions of 2 ml were collected (Biorad 

fraction collector) illustrated in Figure 2-1. Glycolipid containing fractions 

were identified by orcinol staining of 2-5 μl aliquots spotted onto a HPTLC 

plate and each fraction the gradient was measured by refractometer.  
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Figure 2-1. LAG and LPG purification. Assembly of the (1) Octyl-
sepharose column for the LAG and LPG extractions (2) Gradient mixer 
(3) pump (4) fraction collector. 
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A)  

 

B)  
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2.8.4  Orcinol Staining 
 

Orcinol stain was made by dissolving 180 mg orcinol in 5 ml water and 75 

ml ethanol. This mixture was acidified on ice by slowly adding 10 ml 

sulphuric acid. The orcinol solution was stored in the dark at 4°C until it was 

required. The stain was applied to the HPTLC plate in a fume hood as a 

fine spray using a TLC spray bottle (Alltech) attached to a nitrogen line. 

Once applied, the stain was allowed to dry and was then developed at 100°C 

for 5 min depending on the amount of carbohydrate present. 

 

2.8.5  Trimethylsilyl (TMS) synthesis 
 

For the preparation of TMS 500 μl dry pyridine (Sigma), 150 μl 

hexamethyldisilazane (Sigma) and 50 μl trimethylchlorosilane (Sigma) at a 

ratio of 10:3:1 were added to a glass vial followed by centrifugation at 1000 

x g for 15 min at 4°C, and storing over dessicant at 4°C. Fresh TMS was 

prepared for each GC-MS analysis. For each sample 20 μl of TMS was 

Figure 2-2. LAG and LPG elution from the octyl-sepharose column. From 
each fractions 30 μl of sample were measure for the refractive index with a 
refractometer and a blank gradient were used as a control, LAG and LPG 
eluted at 25-45 % propan-1-ol.  A) LAG from: wt, gfat-/-, gfat-/- + 2mM D-
Ara and gfat-/- + 10 mM D-Ara B) LPG from: wt and gfat-/-.  
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added in a glass capillary closed with Teflon and incubated for 30 min at 

room temperature to allow the reaction to proceed. After the incubation 1 μl 

of the TMS derivatised sample was taken with a 10μl micro syringe 

(Hamilton ® Microliter TM syringe, Agilent) and analysed by GC-MS.  

 

 

 

2.8.6 Gas chromatography parameters 
 

The GC-MS programme has an injector temperature of 280°C and the 

interface between the GC and MS is held at 280°C, the helium (He) carrier 

gas flow is 0.7 ml/min with a column pressure of 5 psi and a splitless injector 

was used. 

 

2.8.7 GC-MS parameters for carbohydrate 
 

 Oven; Temperature Gradient: Initial Temp  80°C; Hold 2 min; 30°C/min 

to 140°C; 10°C/min to 200°C; 2.5°C/min to 260°C; 20°C/min to 280°C 

Hold 10 min. Inlet; 270°C, splitless mode, injection volume 1 µL. Column; 

Agilent 19091S-433UI, 30mx250µmx0.25µm; Flow: 0.2966 mL/min. 

 

2.8.8  GC-MS parameters for myo-Inositol 
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 Oven; Temperature Gradient: Initial Temp  80°C; Hold 1 min; then a 

gradient of 60°C/min to 140°C, followed by a gradient of 15°C/min up to a 

final temperature of 250°C. This temperature is held for 5 min and the oven 

returned to the initial temperature of 80°C. 

 

 

 

 

2.8.9  Carbohydrate composition analysis by GC-MS 

(methanolysis)   
 

Carbohydrate composition was determined by gas chromatography – mass 

spectrometry (GC-MS). Samples were premixed with scyllo-inositol (1 nmol 

SI) as an internal standard. This mixture was pipetted into a heat-treated 

capillaries (Drummond Microdispenser 250 μl) sealed at one end on a 

Bunsen flame. A standards mix of monosaccharides and scyllo-inositol was 

prepared in parallel. The samples and standard mix were dried in a speedvac 

concentrator (Christ RVC 2-25), and re-dried with 100% methanol to 

ensure dehydration. Acid methanolysis was carried out in 50 ul 0.5 HCl in 

methal (Supelco) for 4 h at 80°C using tubes that had been flame sealed 

under slight vacuum. The resulting methylglycosides samples were cooled 

down, and 5 μl of pyridine (Sigma) was added to destroy HCl. Any free 

primary amine was re-N-acetylated with 5 μl acetic anhydride (Supelco) at 

room temperature for 15-20 min. The samples were dried in the speedvac 
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Equation 1. Molar relative response factor (MRRF) of monosaccharide 

concentrator and re-dried with methanol. One sample at a time was 

derivatised in 20 μl of TMS reagent (section 2.8.5) for 30 min at room 

temperature. After derivatisation about 1 μl of the sample was injected in the 

GC-MS (HP7890 GC System, Hewlett Packard and 5975C Agilent mass 

spectrometer Tecnologies) and analysed on column (Agilent 19091S-433UI, 

30mx250µmx0.25µm; Flow: 0.2966 mL/min). The peaks for the TMS 

derivatives of the standards were used to calculate the molar relative response 

factor (MRRF) for each monosaccharide compared to the scyllo-inositol 

internal standard (Book Lipid Modification of Proteins a pratical Approch, 

Analytical Method Chapter 3, page 204-2014, Ferguson M. A. J, 1992).  

 

 

 

 

 

The amount of TMS derivatised neutral monosaccharide in the samples 

were then estimated as follows:  
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Equation 2. Amount of TMS derivatised neutral monosaccharide 

 
 

 

Electron-impact mass spectra were collected using selected ion monitoring 

(SIM) (133/147/204/217 (for monosaccharides) and 305/318 (scyllo-

inositol). When more than one peak was present for a single monosaccharide 

(i.e. galactose) the bigger peak was used in the quantification.  

 

2.8.10  Myo-inositol analysis by GC-MS 
 

Myo-inositol analysis was performed by gas chromatography – mass 

spectrometry (GC-MS). The samples was premixed with 50 pmole of D6-

myo-inositol (myo-Inositol-1, 2, 3, 4, 5, 6- D6 from QMX, Labs, Thaxted, 

UK) as internal standard and pipetted into a sealed capillary (Drummond 

250 μl which have been baked at 450°C) (Mehlert & Ferguson, 2008). The 

samples were dried in a speedvac and then 20 μl methanol added and redried 

to ensure complete dehydration. The resulting dried samples 50 μl 6 M HCl 

(Constant Boiling from Pierce) was added and the capillary sealed under 

slight vacuum. The contents were hydrolysed for 16 h at 110 °C. The 

hydrolysates were dried in a Speedvac (Christ RVC 2-25), redried with 20 

μl methanol and derivatised with trimethylsilyl reagent as described in 

section 2.8.5.  After derivatisation about 1 μl of the mixture was injected in 

the GC-MS (Agilent technologies, South Queensferry, UK) 6890 gas 

chromatography system linked to a 5973 MSD-mass spectrometer (GC-
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Equation 3. The amount of myo-inositol 

MS), with an Agilent HP-5, or HP-5ms column (30 m, 0.25 mm i.d., film 

thickness 0.25 μm) analysed on column (Agilent 19091S-433UI, 

30mx250µmx0.25µm; Flow: 0.2966 mL/min). A selected ion monitoring 

(SIM) programme was used. Myo-inositol was detected by the characteristic 

ions at m/z 305 and 318 and the D6 labelled internal standard myo-inositol 

was detected using the ions at m/z 307 and 321. The amount of myo-inositol 

from the sample was calculated using the formula:  

 

 

 

 

 

 

 

 

 

2.8.11  Periodic acid-Schiff staining  
 

The LAG and LPG samples (100-400 μl) were dried in the speedvac and 

resuspended in 50 μl H2O and redried using a freeze-dryer (Christ Alpha 1-

2 LD plus). The resulting dried samples were redissolved in 2% SDS-Sample 

buffer and loaded onto a 2% SDS-PAGE gel (Invitrogen). The gel was 

rinsed with MQ H2O and fixed in fixing solution (acetic 
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acid/methanol/H2O ad a ratio of 10: 35: 25) for 15-25 min on a belly dancer 

orbital shaker. Then the gel was washed with H2O for 5 min, three times 

and, incubated with oxidation solution (1% NaIO4 (Sigma S1878) in 3 % 

HAc) for 30 min. Followed by washing with H2O for 5 min for three times, 

and incubated Schiff reagent (Sigma) for 1 hour and washed again before 

incubated with reduction solution (1% sodium metabisulphite (Na2S2O5)) 

for 30 min. After the incubation the gel was washed with H2O and scanned 

or imaged with G: Box Syngene device.  

 

2.8.12  Mild acid hydrolysis of LPG 
 

From the pool of fractions containing LPG samples, were taken 100 μl and 

dried in the speedvac, redissolved in 100 μl 40 mM TFA and incubated for 

1 h at 100°C. The hydrolysates were dried in a Speedvac, made up in 5mM 

ammonium acetate and analysed by electrospray mass spectrometry.  

 

2.8.13  Electrospray Mass Spectrometry (ES-MS) 
 

LPG were resuspended in 5 mM ammonium acetate and infused using a 100 

µl Hamilton syringe into the electrospray source of Thermo Quantiva triple 

quadrupole mass spectrometer with a flow rate of at 5 μl/min. The MS was 

operated in the negative mode at 2700V, sheath gas 20 V, Aux gas 10. The 

ion transfer tube temperature was 350°C and vaporiser temperature 125°C. 

Data were acquired using precursor ion scan with scan range 350-1200, 
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product ion scan 79, Q1 resolution 0.7, Q3 resolution 0.7 and CID gas 1.5 

mTorr. 

 

 

 

 

 

 

2.9  Analysis of Nucleotide Sugar 
 

2.9.1  Nucleotide Sugar extraction  
 

From Crithidia and Leishmania culture 1 x 108 cells/ml were centrifuged at 

1000 x g, for 10 min at 4°C (Sigma Laboratory Centrifuge 4K15), washed 

once in ice-cold PBS and then lysed with cold 70% ethanol (Sigma) on ice 

in the presence of 20 pmol GDP-glucose as an internal standard (Sigma). 

The lysate samples were centrifuged at 16, 000 x g for 10 min at 4°C 

(Eppendorf centrifuge 5415-R) and the supernatant (s) were dried under a 

nitrogen stream. After the samples were dissolve in 200 μl of acqueous phase 

9% butan-1-ol (BuOH : H2O) and extracted three times with 400 μl of 90% 

butan-1-ol to remove the lipids. The resulting aqueous phase were dried 

under nitrogen and resuspended in fresh 5 mM ammonium bicarbonate, and 

sugar nucleotides were extracted using EnviCarb graphitized carbon 3 ml 
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(0.25 g) cartridges (SuperClean™ ENVI-Carb SPE Tubes Supelco) (Pabst 

et al., 2010). The cartridges were prepared by washing with 3 ml 80 % 

acetonitrile, 0.1% trifluoroacetic acid (TFA) (Sigma) followed by 2 ml water. 

Then the samples were loaded in 5 mM ammonium bicarbonate (VWR) and 

the columns were washed with 2 ml water, 2 ml 25% acetonitrile, 50 mM 

TEAA buffer pH 6 and eluted with 2 ml of 25% acetonitrile, 50 mM triethyl 

ammonium acetate (TEAA) buffer pH 6. The eluted fractions were dried in 

a freeze-dryer (Christ Alpha 1-2 LD plus) and store at 80°C until the 

analysis.  

 

2.9.2  Liquid chromatography- mass spectrometry (LC-

MS/MS)    analysis of nucleotide sugar 
 

Nucleotide sugars were separated by HypercarbTM porous graphitic carbon 

LC column (3µm, 1mm x 30 mm). The column had been subjected to 

equilibration with buffer B (80% acetonitrile) overnight at a flow rate of 

0.025 ml/min. The frozen samples and the master mix containing nucleotide 

sugar standards were resuspended in 40 μl water and transferred to a 0.3 ml 

microvial (VWR). The sample injection volume was 15 μl and the flow rate 

0.05 ml/min, the PGC column was used at room temperature. The triple 

stage mobile phase was composed of buffer A (0.1 % formic acid adjusted to 

pH 9.0 with ammonia) and buffer B (80 % acetonitrile). The LC run time 

was 40 min using the gradient elution profile: 10 min loading with 2% buffer 

B, 30 min gradient from 2% to 30% buffer B, 10 min washing with 100% 

buffer B. Sugar nucleotides were detected by electrospray mass spectrometry 
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Table 2-13. MRM transitions of sugar nucleotideses 

using a Micromass Ultima triple quadrupole instrument in negative ion 

mode. Sugar nucleotides were detected by multiple reaction monitoring 

(MRM) of the transition from the [M−H] − precursor ion to a nucleotide 

product ion (UMP, UDP or GDP) for each class of nucleotide sugar.                                              

Nucleotide sugars were quantified via the GDP-glucose internal standard 

using empirically determined molar relative response factors for 

commercially available sugar nucleotide standards (Sigma). 
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2.10  D-erythroascorbic acid (DEAA) Extraction from Crithidia 
 

C. fasciculata were grown at 3 x10⁸ cells/ml, transferred to a 50 ml falcon tube 

(BD FalconTM tubes) and chilled for 10 seconds on dry-ice ethanol to quench 

any reactions in the cell. The falcon tubes were centrifuged at 1000 x g for 

10 min at 0°C (Sigma Laboratory Centrifuge 4K15) and the cells washed 

three times with cold 1 x PBS. After the wash the cells were lysed with 500 

μl of chloroform / methanol / water with ration 1 : 3 : 1 and transferred to a 

1.5 ml Eppendorf.  The Eppendorf tubes were vortexed and incubated for 

15 min at 60°C in the water-bath. Then the homogenised lysed were 

centrifuged at 16.000 g for 5 min at 0°C (Eppendorf centrifuge 5415-R) and 

the supernatants were transferred to a new 1.5 ml Eppendorf and adjusted 

with H2O to a final ratio of 1 : 3 : 3 chloroform/methanol/water. The 

samples were centrifuged at 16.000 g for 5 min at 0°C (Eppendorf centrifuge 

5415-R). At this point the extract is biphasic. The upper phase were taken 

and dried in the speedvac (Christ RVC 2-25) and redried with 20 μl 

methanol to make sure the dehydration. The dried sample once at the time 

were derivatised with TMS reagent (section 2.8.5) for 30 min and analysed 

by GC-MS (section2.8.6 and 2.8.7).  
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Chapter 3  

3 Results  

3.1 The de-novo pathway of D-arabinose biosynthesis 
 

3.2 Identification of Crithidia fasciculata and Leishmania 

major arabinose 5-posphate isomerase (API) 
 

Certain members of the kinetoplastids are unique in their utilization of D-

arabinopyranose (D-Arap) in their cell surfaces. So far it is known that both 

L. major and C. fasciculata have a salvage pathway (Figure 1-10), allowing 

the parasites to internalize D-Ara from the extracellular medium or the 

lumen of insect guts and convert it to GDP-α-D-Arap via an arabinose-1-

kinase/pyrophosphorylase (Schneider et al., 1995) (Guo et al., 2017). A de 

novo pathway, whereby D-glucose (D-Glc) is converted to D-Arap via loss 

of the Glc C-1 carbon atom has been postulated but many details are missing 

(Schneider et al., 1995). Gram-negative bacteria have genes encoding for 

arabinose-5-phosphate isomerase (API) (EC 5.3.1.13) (Meredith & 

Woodard, 2005) (Meredith & Woodard, 2006) (Cech et al., 2014) (Cech et 

al., 2014). This enzyme catalyses the interconversion of D-ribulose-5-

phosphate (Ru5P) and D-arabinose-5-phosphate (A5P). Classical APIs 

contain a sugar phosphate isomerase (SIS) domain (Bateman, 1999). We 

speculated that trypanosomatids may also convert D-Glc to D-Arap via 

Ru5P and its isomerisation to A5P followed by dephosphorylation to D-
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Arap. We used three different approaches to identify the isomerase 

enzyme(s) that convert Ru5P into A5P in kinetoplastids.         

    

                                                                                                            

3.3 First approach: Bioinformatic search for putative API 

genes 
 

Arabinose 5-posphate isomerase (APIs) from Gram negative bacteria were 

used as a template for a BLASTp (described in section 2.2) search against 

kinetoplastid genomes. The BLASTp searches allowed us to find a putative 

SIS domain-containing gene CFAC1_110017900 in C. fasciculata. The 

predicted translation product of this putative API gene shows about 40 % 

amino acid similarity to a bacterial-API (Figure 3-1), but a clear API 

homologue was not found in the Leishmania spp genomes. However, C. 

fasciculata and L. major are closely related and both possess related surface 

molecules that are the main end products of their respective D-Arap 

metabolic pathways. Therefore, we might expect API genes to be conserved 

between these trypanosomatid species. Further, a BLASTp search with the 

open reading frame (ORF) of the hypothetical C. fasciculata API gene 

against the genome of Leishmania only revealed a pseudogene (Figure 3-2). 

The lack of a putative API gene in Leishmania led us to speculate that either 

(a) an alternative pathway for synthesis of D-Arap may have arisen in 

Leishmania, resulting in API redundancy and degeneration of the C. 

fasciculata-homologous API gene into a pseudogene or (b) that the putative 

Crithidia API gene does not actually encode API activity and is a falselead. 

To test these alternatives, the putative C. fasciculata API gene was 
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overexpressed in E.coli and purified. Gas chromatography-mass 

spectrometry (GC-MS) (section  2.8.7) and cysteine-carbazole colorimetric 

assays (section 2.5.8) were used to determine the isomerase activity of the 

recombinant protein.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1 Alignment of the amino acid sequences of the C. fasciculata 
CFAC1_110017900 gene and the API gene from B. fragilis (Q5LIW1). 
Sequences were aligned using Clustal W (Thompson et al, 1994). Identical 
residues are marked with an asterisk; partially conserved residues are marked 
with a colon.    
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Figure 3-2 Hypothetical API pseudogene in L. major. A BLASTp search 

with the open reading frame (ORF) of the hypothetical C. fasciculata API 

gene (CFAC1_110017900) against the genome of Leishmania only revealed 

a pseudogene with nonsense  codons indicated by asterisk (*) and underlined 

in red. 

 

 

Hypotethical API gene in Leishmania major 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

87 
 



 

3.3.1 Evidence that the C. fasciculata putative API gene 

(CFAC1_11001790) is transcribed in Crithidia  
 

We first cheecked by PCR that the (CFAC1_11001790) gene was present 

in the genome of the C. fasciculata cell line we were cultivating. An 

appropriately sized PCR product was observed using the primers described 

below (Figure 3-3 a).  The expression of the putative API gene in C. 

fasciculata was then demonstrated by reverse transcriptase polymerase chain 

reaction (RT-PCR). Total RNA was extracted from C. fasciculata cells as 

described in Materials and Methods (section 2.4.13).  The mRNA 

component was converted into complementary DNA by reverse- 

transcriptase and the newly synthesised cDNA was used as template for PCR 

(section 2.4.2) using the forward and reverse 5’-

GGAATTCCATATGGAAGAGACGTACAAGAGCCTC-3’ and 

primers 5’-CGGGATCCTCACTCGATGTTGCGGTG-3’, 

respectively. As shown in (Figure 3-3 b, lane 4), mRNA was expressed in C. 

fasciculata and no RT-PCR product was observed in the negative control 

without the reverse transcriptase (Figure 3-3 b, lane 3). 
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Figure 3-3 Evidence for the transcription of the putative API gene in C. 

fasciculata. Ethidium bromide/agarose gel electrophoresis showing:  

a) The presence of the CFAC1_11001790 ORF in the genomic DNA 

extracted from our C. fasciculata cell line. Lane 1, DNA size marker ladder; 

lane 2, PCR product of the CFAC1_11001790 ORF. b) The presence of 

CFAC1_11001790 mRNA in the C. fasciculata cell line by RT-PCR. Lane 

1, DNA size maker ladder; lane 2, sample of cDNA preparation used as 

template; lane 3, RT-PCR performed in the absence of reverse transcriptase 

(negative control); lane 4, RT-PCR product of expected size. 
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3.3.2  Cloning of CFAC1_110017900 ORF for 

recombinant expression 
 

The hypothetical API gene CFAC1_110017900 was amplified using PCR 

methodologies from genomic DNA of C. fasciculata with the forward primer  

5’-GGAATTCCATATGGAAGAGACGTACAAGAGCCTC-3’ and 

reverse primer 5’-CGGGATCCTCACTCGATGTTGCGGTG-3’ 

(Figure 3-3 a). Primers were designed to incorporate NdeI and BamHI sites, 

respectively, and used to ligate the PCR product directly into the pSC-A-

amp/StrataClone vector. Chemically competent (StrataClone SoloPack) 

cells were transformed with the recombinant vector. The purified plasmid 

was checked by sequencing to contain the CFAC1_110017900 gene and was 

digested (NdeI and BamHI) and the insert was ligated into a similarly 

restricted expression vector pET15b-6His-Tev. The ligation mixture was 

used to transform chemically competent E. coli DH5α, and a transformant 

harbouring the correct pET15b-6His-TEV-CFAC1_110017900 plasmid 

was identified by restriction analysis and confirmed by DNA sequencing of 

the plasmid insert twice in both directions. TEV protease cleaves between Q 

(Gln) and G (Gly) or S (Ser) within the canonical sequence 

ENLYFQS, where N (Asn) is exchangeable to essentially any other amino 

acid. The resulting pET15b-6His-TEV-CFAC1_110017900 construct 

(encoding the CFAC1_110017900 ORF with a His6 tag at the N-terminus 

and a TEV PreScissionTM Protease (PP) cleavage site after the His6 tag) was 

transformed into E. coli BL21 gold (DE3) cells for protein expression.                                                                                          
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3.3.3  Recombinant expression of CFAC1_110017900 
 

After initial trials to assess the conditions for the expression and the solubility 

of the recombinant protein, we procced with a large scale culture for the 

purification as described below.  

The pET15b-6His-TEV-CFAC1_110017900 construct was transformed 

into E.coli BL21(DE3) cells and expressed at 30 °C for 16 h after induction 

with 0.1 mM IPTG. The recombinant protein was purified on a His-Trap-

column (Figure 3-4) as described in the Materials and Methods (section 

2.5.6). Aliquots from the total lysate and the affinity purified fractions were 

run on SDS-PAGE and stained with Coomassie blue. The apparent 

molecular weight of the purified protein was consistent with the predicted 

theoretical molecular weight (22 kDa). As observed in (Figure 3-5, lanes S 

and P) most of the recombinant His6-CFAC1_110017900 protein was 

found in the soluble protein fraction. The FPLC fractions from 11 to 29 

containing the purified recombinant protein were pooled and loaded onto a 

PD-10 column to exchange the buffer into 100 mM Tris-HCl pH 7.8. The 

recombinant protein was aliquoted and stored with 10 % glycerol at -80 °C 

until tested for activity.   
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Figure 3-4 Expression and purification of hypothetical arabinose-5-

phosphate isomerase (CFAC1_110017900). Chromatogram of the Ni-

NTA-Histag FPLC purification of recombinant CFAC1_110017900 from 

the soluble fraction of E. coli BL21(DE3) cell lysate.  
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Figure 3-5 Expression and purification of hypothetical arabinose-5-

phosphate isomerase (CFAC1_110017900). Samples were run in SDS-

PAGE and stained with Comassie blue: M, molecular weight standards; CE, 

crude extract after French press; S, supernatant after French press; P, pellet 

after French press;  PD-10, pool of fractions from 11 to 29 after buffer 

exchange by using PD-10 column. 

 

  

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

93 
 



 

3.3.4  Hypothetical API enzyme (CFAC1_110017900) 

activity assay  
 

The putative API recombinant protein was tested for API activity by the 

discontinuous cysteine-carbazole colorimetric assay and by GC-MS. In the 

colorimetric assay (Meredith & Woodard, 2003) 2-ketopentoses form 

purple-red chromophores that absorb light at 540 nm. The reaction is a 

dehydration by sulphuric acid of a sugar to form a furfural ring, which occurs 

most rapidly and at a higher frequency for the 2-keto (eg. ribulose/fructose) 

versus aldose (eg. arabinose/glucose) sugars. The aldehyde (from C1 of the 

parent ketulose) of the furfural then condenses with carbazole and cysteine 

to form the purple-red chromophore (Figure 3-6). The exact structure of the 

chromophore is still unknown. The conversion of aldose to ketose can 

therefore be observed by measuring the increase in the absorbance at 540 nm 

of sample compared to a control. The API activity was determined by a 96-

well microplate adaptation of the discontinuous cysteine-carbazole 

colorimetric assay. To set up the assay, solutions containing 5 μl of enzyme 

(in 100 mM Tris-HCl, pH 7.8) and 45 μl of sugar-5-phosphate substrates 

at different concentrations were incubated at 37 °C for 1 h. The reactions 

were quenched with 50 μl of 25 % H2SO4 and a 90 μl aliquot was transferred 

to a flatbottom assay plate containing 250 μl of a freshly prepared H2SO4 – 

cysteine-carbazole mixture (230 μl of 25 % H2SO4, 10 μl of a 1.5 % aqueous 

cysteine solution and 10 μl of a 0.12 % ethanolic carbazole solution). Plates 

were thoroughly mixed, and the colour was allowed to develop at room 

temperature for 3 h and absorbance was read at 540 nm (Figure 3-7). This 

assay was then used to assess the ability of native and heat-inactivated 
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Figure 3-6  Cysteine-carbazole colorimetric assay reaction. In the 

colorimetric assay 2-ketopentoses form purple-red chromophores that 

absorb light at 540 nm and aldopentoses form light pink chromophores. 

recombinant CFAC1_110017900 to convert Ru5P to A5P and/or A5P to 

Ru5P (Figure 3-9). This assay suggested that the recombinant protein does 

not have API activity.  
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Figure 3-7  Cysteine-carbazole colorimetric assay using different amounts 
of ketose (R5P and fructose) and aldose (A5P and glucose) standards. 
Increasing amounts of ketose sugars correspond to increases in colour and 
absorbance at 540 nm, whereas absorbance is unchanged for aldose sugars.    
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Figure 3-8 Cysteine-carbazole colorimetric assay suggests that 

recombinant CFAC1_110017900 does not have API activity. The 

substrates A5P (aldose) and Ru5P (ketose) were incubated with the native 

and heat-inactivated recombinant protein CFAC1_110017900. After 

incubation, the extent of reaction was measured using the cysteine-

carbazole colorimetric assay. For both substrates we did not observe any 

significant change at 540 nm in the presence of the native recombinant 

protein. Values represent the mean ± SD from n = 3 independent samples, 

not significant differences (ns). 
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To support the results of the colorimetric assay, GC-MS analyses (described 

in section 2.8.7) were also used. First we analysed standards of Ru5P and 

A5P for their retention times and mass spectra (Figure 3-9 A and B) and 

then assessed the ability of the putative API enzyme CFAC1_110017900 to 

convert the aldose (A5P) into ketose (Ru5P), or vice-versa. A5P and Ru5P 

were incubated for 1 h at 37 °C with native and heat-inactivated recombinant 

protein CFAC1_110017900, centrifuged and the resulting supernatants 

were dried, derivatised with TMS (as described in section 2.8.5) and injected 

in the GC-MS. We did not observe any interconversion of A5P to Ru5P or 

Ru5P to A5P in these experiments (Figure 3-10 A and B). Thus, although 

the hypothetical gene CFAC1_110017900 in Crithidia has a SIS domain, 

Ru5P and A5P do not appear to be its substrates.          
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Figure 3-9  Chromatograms of standard sugar 5-phosphates analysed by 

GC-MS after TMS derivatisation. A) Three peaks were found for arabinose 

5-phosphate (A5P) with retention times at 17.5, 17.8 and 18.8 min B) One 

peak was found for ribulose 5-phosphate (Ru5P) with a retention time at 

18.5 min. SI indicates the peak due to the scyllo-inositol internal standard. 
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Figure 3-10 Enzymatic assay by GC-MS of the putative API enzyme. The 

substrates standards A5P and Ru5P were incubated for 1 h at 37 °C with 

native (panels A and B respectively) and heat inactivated (data not shown) 

recombinant protein CFAC1_110017900 and analysed by GC-MS. From 

these experiments no interconversion of A5P to Ru5P or Ru5P to A5P 

was observed. 
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3.4 Second approach:  Identification of API activity in                              

C. fasciculata extracts.  
 

The idea of this approach was to isolate the total soluble protein fraction and 

the insoluble fraction (pellet) from Crithidia cells and to test for API activity 

for subsequent purification.  

To establish the principle, an E.coli extract was used for a positive control to 

follow API activity. A culture of E. coli was lysed by French press, centrifuged 

and the supernatant was loaded onto a PD-10 cartridge to remove low 

molecular weight metabolites. The void-volume protein fraction was diluted 

and incubated (before and after heat-inactivation) with A5P and Ru5P and 

assayed by the discontinuous cysteine-carbazole colorimetric method for 

API activity. The incubation with A5P showed an increase in the 

absorbance, corresponding to the conversion of A5P to Ru5P ( Figure 3-11 

A), and incubation with Ru5P showed a decrease in absorbance, 

corresponding to the conversion of Ru5P to A5P (Figure 3-11 B). API 

activity in E.coli was found in the soluble fraction, validating the use of the 

colorimetric assay with cell extract protein fractions.  
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Figure 3-11  Validation of the colorimetric assay with a cell extract from 

E.coli culture to follow APIs activity. The soluble fraction from E. coli (before 

and after dilution and heat-inactivation) were incubated with A) A5P and 

B) Ru5P and tested by discontinuous cysteine-carbazole colorimetric API 

assay. API activity was observed in the soluble fraction. Values represent the 

mean ± SD from n = 3 independent samples, significant differences (*p < 

0.01), paired t-test. 
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We then harvested a litre culture of Crithidia, lysed the cells by French press 

and centrifuged as described in Materials and Methods in (section 2.5.7). 

The supernatant (soluble fraction) was filtered and loaded onto a PD-10 gel 

filtration cartridge to remove low molecular weight metabolites, including 

monosaccharides. Aliquots of the soluble fraction before and after passage 

through the PD-10 cartridge and before and after heat-inactivation were 

tested by the discontinuous cysteine-carbazole colorimetric API assay 

described in Materials and Methods in (section 2.5.8) using arabinose 5-

phosphate as a substrate (Figure 3-13). From these experiment some API 

activity was observed in the total soluble protein of the C. fasciculata, but this 

activity was lost by passage through the PD-10 cartridge. Therefore, we tried 

to fractionate the total soluble protein by using high-performance liquid 

chromatography (described in Material and Methods in section 2.5.7). 

Briefly, the supernatant was loaded onto a high performance ion exchange 

column (Mono P) and eluted with a sodium chloride gradient. Twenty-three 

fractions were collected (Figure 3-13) and combined together in five-pools. 

The native and heat-inactivated pools were tested by discontinuous cysteine-

carbazole colorimetric API assay. However, API activity was not found in 

any pools of fractionated Crithidia extract (Figure 3-14).  
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We also tested the insoluble pellet fraction of the Crithidia lysate. Different 

amounts of active and heat-inactivated pellet were incubated with and 

without A5P (Figure 3-15) followed by discontinuous cysteine-carbazole 

colorimetric API assay. The incubation without A5P was used as a control 

for the possible presence of ketose in the pellet fraction that might interfere 

with the colorimetric assay. From these data we observed a dose-dependent 

increase in the absorbance corresponding to the conversion of A5P to Ru5P. 

This experiment suggests that API activity is present in the membrane 

fraction of Crithidia. Further experiments and controls are needed. The 

presence of API activity in the pellet fraction suggested that API was either 

an integral or peripheral membrane protein or that it is sequestered inside 

membrane-bound vesicles. We therefore investigated detergent molecules 

(eg. n-dodecyl β-D-maltoside and Triton X-100) solubilisation of the pellet 

fraction.  The resulting detergent-solubilised supernatants were tested by 

discontinuous cysteine-carbazole colorimetric API assay.  Unfortunately, the 

presence of the detergent molecules in the colorimetric assay interfered with 

the cysteine-carbazole reaction. While these fractionation and colorimetric 

assay approaches suggested that we might be able to enrich the native API 

activity from C. fasciculata, we did not pursue this further because of success 

in our third approach-genetic complementation.                                                            
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Figure 3-12  Attempt to find API activity in the total soluble fraction from 

Crithidia. The soluble fraction from Crithidia lysate was applied to a PD-10 

column cartridge to remove low molecular weight metabolites the 

carbohydrate release from the cells that might interfere with the assay. Active 

and heat-inactivated fractions before and after passage through the PD-10 

cartridge were incubated with 60 nmol A5P for 1 h in triplicate and mixed 

with carbazole-cystein-H2SO4 to develop the chromophore. For each sample 

the absorbance at 540 nm was measured. Values represent the mean ± SD 

from n = 3 independent samples, significant differences (*p < 0.01, ** p < 

0.005), paired t-test. 
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Figure 3-13  Protein fractionation by high-performance liquid 
chromatography. The soluble protein fraction from Crithidia lysate was 
applied to a MonoP column and the eluate was monitored for protein by 
A280 ( blue line). A sodium chloride gradient (green line) was used from 20 
mM - 1 M NaCl, as indicated. Twenty-three fractions were collected as 
indicated, pool and tested for API activity. 
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Figure 3-14 Following the API enzyme activity. Twenty-three fractions 

were collected and combined together in five-pools (Pool 1: Fraction 1; Pool 

2: Fractions 2, 3, 4, 5, 6, 7; Pool 3: Fractions 8, 9, 10, 11, 12, 13; Pool 4: 

Fractions 14, 15, 16, 17, 18, 19; Pool 5: Fractions 20, 21, 22, 23). The native 

and heat-inactivated pools were tested by discontinuous cysteine-carbazole 

colorimetric API assay. For each pool the absorbance at 540 nm was 

measured but no API activity was observed. Values represent the mean ± SD 

from n = 3 independent samples, not significant differences (ns).  
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Figure 3-15 Attempt to find API activity in the pellet from Crithidia. 
Different amounts from the native and heat-inactivated of the insoluble 
pellet fraction were incubated with and without 60 nmol A5P for 1 h and 
mixed with carbazole-cystein-H2SO4 to develop the chromophore. For each 
sample the absorbance at 540 nm was measure. Values represent the mean 
± SD from n = 3 independent samples, significant differences (*p < 0.01), 
paired t-test. 
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3.5 Third approach:  Identification of Crithidia API 

gene(s)  by complementation. 
          

The genome of E.coli K-12 contains two genes encoding A5P isomerase 

(API) activity, the kdsD gene and gutQ gene. Deletion of both kdsD and 

gutQ produces an auxotroph strain that requires both A5P (to support LPS 

production) and G6P (to induce the transport system for A5P) to survive 

and grow. Deletion of only one of the genes produces a strain that is still able 

to survive on minimal medium. Therefore, to try to identify the Crithidia 

API gene, we tested all eight hypothetical sugar - phosphate isomerase genes 

found in the C. fasciculata genome (www.tritryp.com) (for the canonical 

fructose, ribose, mannose, galactose, glucose and N-acetylglucosamine and 

glycerol metabolic pathways) and the hypothetical API CFAC1_110017900 

gene (found by Blastp search, section 3.2) from C. fasciculata  in the E. coli 

ΔkdsDΔgutQ double knockout mutant (Meredith & Woodard, 2005) ( Cech 

et al., 2014) for complementation. The list of all genes investigated is shown 

in (Table 3-1).  
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Table 3-1 List of genes used for the complementation experiments from: 

Bacterius fragilis (as a positive control), Crithidia fasciculata, Leishmania 

major, Leishmania donovani, Trypanosoma brucei, Trypanosoma cruzi, Homo 

sapiens and and Saccharomyces cerevisiae. In red (y) genes that complement 

API deficient in E. coli TCM15 in black (n) genes that do not complement. 
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The principle of the complementation system is outlined in (Figure 3-16). 

For the complementation experiment, electro-competent TCM15 cells 

(ΔkdsDΔgutQ) were transformed with expression plasmid pT7-7 containing 

the various putative Crithidia isomerases (and the positive control B. fragilis 

API gene and the negative control empty pT7-7 plasmid), followed by 

growing the transformants on agar plates supplemented with and without 

A5P and G6P. Only one of the putative Crithidia fasciculata isomerase genes 

(annotated in the genome as a glucosamine-fructose-6-phosphate 

aminotransferase (GFAT CFAC1_180028100)) could complement the 

API-deficient E. coli strain (Figure 3-17 A). This suggests that C. fasciculata 

GFAT can, as well as isomerising D-fructosamine-6-phosphate to D-

glucosamine-6-phosphate, yield A5P (presumably from D-ribulose-5-

phosphate).  

GFAT involves two structurally and functionally distinct types of domain. 

The N-terminal glutaminase domain catalyses the hydrolysis of glutamine to 

glutamate and ammonia (GAT domain). The ammonia is then channelled 

to the C-terminal domain where amination and isomerisation occurs, 

converting fructose-6-phosphate to glucosamine-6-phosphate. The C-

terminal domain of all GFAT enzymes contains two related sugar isomerase 

(SIS) domains (Durand et al., 2008) and the mechanistic enzymology of 

GFATs is complex (Bateman, 1999) (Durand et al., 2008). Eukaryotic 

GFATs tend to form dimers of dimers (tetramers) and isomerase active site 

residues are provided by pairs of subunits. We made two GFAT constructs, 

one lacking the N-terminal GAT domain (residues 345-610) and another 

lacking the second of the two SIS domain (residues 1-523) and assessed these 
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for their ability to complement the API mutant. The construct lacking the 

second SIS domain was able to complement the API mutant but no 

complementation was observed with the other construct (Figure 3-17 C and 

D). These results are discussed in (section 7.1).  

We also investigated complementation of the E. coli API mutant with native 

and/or codon optimised GFAT genes from L. major, L. donovani, T. cruzi, 

T. brucei, Homo sapiens and Saccharomyces cerevisiae as indicated in (Table 

2-11). The results (Figure 3-17 J-P) show that all of these GFAT genes were 

able to complement the E. coli API mutant, except for the native L. major 

and T. cruzi genes.  

Finally, the putative C. fasciculata API gene found by BLASTp search 

(CFAC1_110017900) failed to complement the E. coli mutant, further 

confirming that this gene does not encode API activity (Figure 3-17 Q) 
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Figure 3-16 Schematic representation of the functional complementation 
assay. pT7-7 plasmids containing hypothetical isomerase genes were used to 
transform an E. coli TMC15 mutant deficient in API genes (ΔkdsDΔgutQ). 
The E. coli ΔkdsDΔgutQ mutant is an auxotroph strain that requires both 
A5P (to support LPS production) and G6P (to induce the transport system 
for A5P) to survive and grow. The colonies after the complementation are 
plated in the presence and absences of A5P/G6P. Genes that complement 
the API defect allow the transformed cells to grow in the absence of 
A5P/G6P. 
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Figure 3-17  Experimental complementation of E. coli API mutant. 
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Figure 4.17 Experimental complementation of the E. coli API mutant. In 
each experiment, the E. coli TCM15 (ΔkdsDΔgutQ) mutant is transformed 
with an empty pT7-7 plasmid (negative control), a pT7-7 plasmid 
containing the B. fragilis API gene (positive control) and a pT7-7 plasmid 
containing the experimental gene. Each of the three transformants is 
streaked on a segment of the agar plate that has been supplemented with 
(right hand side) or without (left hand side) A5P and G6P. Growth of 
bacteria in the middle left hand side segment demonstrates complementation 
by the experimental gene. The panels show the complementation by a) 
glucosamine-fructose-6-phosphate aminotransferase (GFAT) gene from C. 
fasciculata, b) GFAT gene from C. fasciculata codon optimised, c) GFAT 
gene from C. fasciculata lacking the C-terminal SIS domain (amino acid 
residues 1- 523), d) GFAT gene from C. fasciculata lacking the N-terminal 
GAT domain (amino acid residues 345-610), e)  phosphomannose 
isomerase (PMI) gene from C. fasciculata, f) glucose 6-phosphate isomerase 
(PGI) gene from C. fasciculata, g) ribose 5-phosphate isomerase (RPI) gene 
from C. fasciculata, h) glucosamine 6-phosphate isomerase (GlcNPI) gene 
from C. fasciculata, i) triosephosphate isomerase gene from C. fasciculata, j) 
GFAT gene from L. donovani, k) GFAT gene from L. major  l) GFAT gene 
from L. major codon optimised, m) GFAT gene from T. brucei, n) GFAT 
gene from T. cruzi, o) GFAT gene from S. cerevisiae codon optimised, p) 
GFAT gene from H. sapiens  codon optimised, q) hypothetical API gene 
(CFAC1_110017900) from C. fasciculata.    
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Chapter 4  

4 Results  
 

4.1 Glucosamine: Fructose 6-phosphate Aminotransferase  (GFAT) 
 

From our data the enzyme glucosamine: fructose 6- phosphate 
aminotransferase (EC 2.6.1.16, GFAT) appears to have a double function: 
to catalyse the first committed step in hexosamine biosynthesis, leading to 
the ultimate formation of UDP-GlcNAc, and to catalyse the formation of 
D-arabinose 5-phosphate from D-ribulose 5-phosphate. GFAT is widely 
distributed across the prokaryotic and eukaryotic kingdoms (Milewski, 
2002). The structure of GFAT is evolutionally conserved as shown in the 
sequence alignment of the GFAT predicted protein sequences from: C. 
fasciculata, L. major, T. brucei (Tb 427.07.5560), T. cruzi 
(TcCLB.510303.200), E. coli (Ec, ABJ03201.1), S. cerevisiae (NP/012818.1) 
and H. sapiens (gb/AAH00012.1) Figure 4-1. The sequences have complete 
identity for catalytic and substrate binding residues in the N-terminal 
glutamine hydrolase and C-terminal phosphohexose isomerase domains. 
Noticeably, GFATs derived from trypanosomatids lack the consensus motif 
for phosphorylation (–R–R/K–X–S–) conserved in other eukaryotes 
(Milewski et al., 2006).  
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Figure 4-1 Multi alignment of amino acid sequences of GFATs.  
The GFAT sequences from H. sapiens (gb/AAH00012.1), C. fasciculata 
(CFAC1_180028100), L. major (Lm, F06.0950), T. brucei (Tb 
427.07.5560), T. cruzi (TcCLB.510303.200), E. coli (Ec, ABJ03201.1), S. 
cerevisiae (NP/012818.1), were aligned using CLC Main Benchwork6. 
Conserved residues that are identical or similar are in red and those not 
conserved are in black. Catalytic residues associated with the N-terminal 
glutamine hydrolase and C-terminal phosphohexose isomerase domains are 
marked with a rectangle (in blue).  
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4.1.1 Attempts to purify recombinant C. fasciculata 

Glucosamine: Fructose 6-phosphate Aminotransferase 

(GFAT) expressed in E.coli. 
 

So far, GFAT protein has been reported by many authors to be difficult to 
purify because of apparent instability. There have been great efforts 
dedicated to the expression and purification of the enzyme, which resulted 
in the partial purification of recombinant Neurospora crassa GFAT and native 
rat liver GFAT (Ghosh et al., 1960; Winterburn & Phelps, 1971). 
Additional challenges lie in the heterogeneity in these preparations being 
mixtures of the functional dimers and inactive homotetramers (Broschat et 
al., 2002).  
 
We tried to purify the 67 kDa Cf GFAT protein as His6-tagged fusions of 
the full length protein (tagged at both the N- and C-termini), and as a C-
terminally truncated protein (1-523 aa, tagged at the N-terminus) using E. 
coli BL21(DE3)pLysS, BL21(DE3)gold and Rosetta-Gami2(DE3) cells. 
The cultures were grown at 37 °C until the bacteria reached an optical density 
of 0.6-0.8 and then the culture was induced with IPTG and grown at 
different temperatures. SDS-PAGE and anti-His6 antibody Western blot 
detected the recombinant protein in the insoluble fraction in all cases (Figure 
4-2) (data shown only for BL21(DE3)pLysS strain). Furthermore, we tried 
to express the full length untagged protein in ArcticExpress (DE3) 
competent cells. After induction with IPTG these cells were grown at 20°C 
for 2 days (Figure 4-3). Then we used an antibody against TbGFAT which 
recognised the CfGFAT by Western blotting. As a positive control for the 
blotting we used recombinant protein from T.brucei GFAT (provided by Dr 
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Karina Marino of the Ferguson lab). Unfortunately, none of these attempts 
produced soluble C. fasciculata GFAT.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4-2 Protein expression trials for CfGFAT in E. coli. Anti-His 
immunoblot analysis of three constructs (full length Cf GFAT tagged at the 
the N- or C-terminus and truncated Cf GFAT (1-523 aa) tagged at the N-
terminus) expressed at 37 °C, 30 °C and 25 °C used in BL21(DE3)pLysS 
E.coli. The E. coli pellets and supernatants were subjected to SDS-PAGE 
followed by Western blot with an anti-His6 antibody. For all conditions 
tested CfGFAT was insoluble and found in inclusion bodies. M, molecular 
weight standards, lanes 1-6 full length Cf GFAT tagged at the N-terminus, 
lanes 7-12 full length Cf GFAT tagged at the C-terminus, lanes 13-18 
truncated Cf GFAT (1-523 aa tagged at the N-terminus). Temperature used 
as indicated. 
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Figure 4-3  Protein expression trials for CfGFAT in E. coli.  
Anti-GFAT immunoblot analysis of the expression of the full length 
untagged protein in ArcticExpress (DE3) cells. The pellets and supernatants 
were subjected to SDS-PAGE followed by Western blot with an anti-
TbGFAT antibody. A) SDS-PAGE stained with Coomassie Brilliant Blue 
of: lane 1 molecular weight standards, lane 2 TbGFAT recombinant protein 
as a control, lane 3 insoluble non-induced protein, lane 4 insoluble induced 
protein, lane 5 soluble non-induced protein, lane 6 soluble induced protein. 
B) Western blot using anti-TbGFAT antibody of the same fractions as 
(panel A).  
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4.2 Generation of a Crithidia fasciculata CfGFAT null 

mutant and phenotypic analyses 

 

4.2.1  Constructs for the replacement of CfGFAT alleles  
 

The strategy used to create the gene replacement constructs for CfGFAT is 

described in (Figure 4-4). The 500-bp 5’ and 500 –bp 3’ untranslated regions 

(UTRs) next to the CfGFAT ORF were PCR-amplified from genomic 

DNA using Kod Polymerase.  

Forward (5’-ATAAGTAAGCGGCCGCcagtggtgaaggttg-3’) and reverse 

(5’-GTTTAAACTTACGGACCGTCAAGCTTgactcgcctctgttg-3’) 

primers were used to amplify the 5’ -UTR and to insert NotI and HindIII 

restriction sites (lower case). 

Forward (5’-GACGGTCCGTAAGTTTAAACGGATCCaggcgacggcgcgggag-

3’) and reverse (5’-ATAAGTATGCGGCCGCtttctgccttgatgggtaga-3’) 

primers were used to amplify the 3’ UTR and to insert BamHI and NotI sites.  

The two UTR-PCR products were then joined together in a further PCR 

reaction to yield a product containing the 5’UTR linked to the 3’-UTR by a 

short region containing HindIII and BamHI cloning sites. The product was 

cloned in the pGem5Zf vector via NotI restriction sites (pGem5Zf-jUTRs).  

Sequencing of the joint UTRs showed the presence of a HindIII site in (3’-

UTR, so this site was mutated using a quick mutagenesis kit (see Materials 

and methods section 2.4.11) before proceeding with the next step. The 

hygromycin phosphotransferase (HYG) and neomycin/geneticin (G418) 

drug resistance genes were then introduced following HindIII/BamHI 
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Figure 4-4 Strategy for the generation of CfGFAT gene replacement 
constructs. 

 

digestion of the pGem5Zf-jUTRs. The pGem5Zf-jUTRs-HYG and 

pGem5Zf-jUTRs-G418 constructs were digested with NotI to release the 

fragments containing the UTRs and the resistance cassettes, ready for the 

electroporation (Figure 4-4).  
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4.2.2 Generation of CfGFAT null mutants in C. 

fasciculata  
 

The two alleles encoding C. fasciculata GFAT were sequentially replaced 

with gene cassettes conferring resistance to hygromycin and 

neomycin/geneticin (Figure 4-5). The first CfGFAT allele was replaced with 

a neomycin/geneticin (G418) resistance gene. CfGFAT single knock out 

clones were then selected with the drug G418. This was followed by 

replacement of the second allele with a hygromycin resistance gene (HYG) 

and selection with a hygromycin. During the second replacement the cells 

were supplemented with 500 μg/ml of glucosamine and N-

acetylglucosamine  (Naderer et al., 2008). The electroporation efficiency was 

quite high, with resistant cells growing in all the wells from 6-7 transfections 

in which a total of 1 x 107 cells were used. For this reason, we reduced the 

amount of the linearized vector from 10 μg to 1 μg. The first allele 

replacement was performed by using a Lonza NucleoFector electroporator 

(Section 2.7.1, Materials and Methods). Unfortunately, all attempts to 

replace the second allele by the same protocol failed. In all the experiments, 

cells were recovered from the electroporation but genotypic analysis revealed 

that the resistance cassette was inserted in the wrong locus. As an alternative 

for the second allele replacement we shifted to a lower efficiency delivery of 

DNA using a BTX device, and successfully replaced the second allele with 

HYG (see Materials and Methods section 2.7.2). Analysis of the genotype 

of the recovered cells by Southern blot showed the disappearance of the band 

corresponding to the genomic copies of CfGFAT and confirmed the 
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Figure 4-5 CfGFAT gene replacement. Both alleles were replaced by 
homologous recombination using selection markers HYG and G418/NEO. 

 

presence of the HYG and G418 antibiotic resistance cassettes in the correct 

loci (Figure 4-6).  
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a) GFAT probe 

 

 

  

 

 

 

 

 

 

b) Upstream 5’-UTR probe 
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Figure 4-6 Analysis of the genotype by Southern blot of the CfGFAT null 
mutants from C. fasciculta. Genomic DNA was extracted from WT, single 
knock out (sKO) and double knock out (dKO) null mutant (two clones: 
dKO1, dKO2) and samples of approximately 5 μg were digested with ClaI, 
separated on an 0.8 % agarose gel, transfered to a positively charged nylon 
membrane  by capillary action, and blotted. The blot was sequentially probed 
with probes for (a) GFAT, (b) upstream 5’-UTR and, (c) HYG. 

 

c) HYG probe 
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4.2.3  The C.fasciculata gfat-/- mutant is auxotrophic for GlcN or 

GlcNAc 
 

We grew C. fasciculata wild-type and gfat-/- mutant cells under a variety of 

conditions (Figure 4-7). Wild-type C. fasciculata did not require exogenous 

glucosamine (GlcN) or N-acetylglucosamine (GlcNAc) for normal growth, 

presumably relying instead on the canonical de novo pathway from glucose to 

UDP-GlcNAc via fructose-6-phosphate. In contrast, while the gfat-/- null 

mutat cells grew normally and displayed normal morphology in GlcN or 

GlcNAc supplemented media, they ceased growth when transferred to 

GlcN/GlcNAc -free media (Figure 4-7) and became rounded and 

vacuolated within 48-72 h of transfer (Figure 4-8), prior to cell death 

thereafter. Supplementation of the medium with D-arabinose alone did not 

support growth or protect cell morphology, suggesting that the 

aforementioned growth and the morphological effects are specifically 

meadiated through glucosamine starvation. Taken together, these data 

clearly establish the gfat-/- mutant cells as GlcN/GlcNAc auxotrophs, where 

the Cfgfat function in the de novo pathway to GlcN and UDP-GlcNAc can 

be nutritionally bypassed by the addition of exogenous GlcN or GlcNAc.  
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Figure 4-7 CfGFAT deletion results in hexosamine auxotrophic parasites.                   
C. fasciculata wild-type (WT) was grown in GlcN/GlcNAc depleted SDM-
79 medium (+10 % FBS) (black line), the gfat-/- null mutant was grown in 
depleted SDM-79 medium (+10 % FBS) (red line) or supplemented with 
500 μg/ml GlcN (green line), 500 μg/ml GlcNAc (blue line), or D-Ara 500 
μg/ml (yellow line).   
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Figure 4-8 Comparison of the morphology of the wild-type and gfat-/- null 
mutant grown in presence of GlcN, GlcNAc, D-Ara and in absence of GlcN 
and GlcNAc. a, c, e, g, i) Image captured under bright field microscopy.  b, 
d, f, h, j) Image captured under merge bright field + DAPI stain (blue). 
Images were acquired with a 100x objective, using a Zeiss Axiovert 200M.  
The scale bar corresponds to 10 μm.  

Figure 4-9 SEM of wild-type and gfat-/- mutant C. fasciculata cells. 
Representative images of various magnifications of wt and gfat-/- mutant. 
A) 2000X image of wt cells B) 5000X image of individual wt cell C) 3500X 
image of gfat-/- cells D) 8000X image of individual gfat-/- cell. 
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4.3 Image analyses  
 

From the bright field and SEM microscopy the size of C. fasciculata wild-
type and gfat-/- null mutant seems to look different (Figure 4-9). Therefore, 
in order to calculate the difference, we analysed the SEM images from both 
the samples.  

SEM images from gfat-/- and wt were analysed by Dr Graeme Ball, 
University of Dundee. Briefly, C. facsiculata gfat-/- and wt were grown in 
SDM-79 medium supplemented with GlcN and fixed on the membrane for 
the SEM microscopy imaging (described in section 2.5.10).  

Manual measurement of 34 cells were applied from each sample that 
appeared to be flat and not too badly obscured so that the outline could be 
identified. From each sample area, width and length were calculated, analysis 
was carried out using Fiji ImageJ (Schindelin et al., 2012).  

These results shown cell sizes do appear to be significantly different, deletion 
of the gfat gene in C. fasciculata makes the cells smaller in comparison to the 
wt (Figure 4-10).  
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Figure 4-10 Manual analysis using Fiji ImageJ of the cell sizes of C. fasciculata 
wild-type and gfat-/- mutant. From both the samples 34 cells were analysed 
for the area, length and width. 
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4.4 Manual Docking  
 

All our attempts to purify CfGFAT from Crithidia and as a recombinant 
protein from E. coli failed. Therefore, we used the GFAT crystal structure 
available from H. sapiens to try to understand the mechanisms of 
isomerisation of both monosaccharides (F6P and Ru5P) by the enzyme. 
Only the isomerase domain of human GFAT in complex with fructose 6-
phosphate has been crystalized (2V4M, PDB Protein Data Bank). We 
replaced the ligand F6P with Ru5P and A5P as a product (kind help from 
Prof Bill Hunter, University of Dundee) (Figure 4-11) . The phosphate 
group of F6P interacts with the amino acid residues: Ser441A, Ser439A, 
Thr444A, Ser395A, Gln440A and the carbon backbone with: C2-His595B, 
C4-His595B (where B indicated residues of the adjacent GFAT monomer) 
C5-Ser492A, C6-Ser492A, Lys576A and Glu579A. F6P is converted into 
GlcN6P by the action of the His595B, Lys576A and Glu579A residues. 
Regarding Ru5P the phosphate group is predicted to have identical amino 
acid residue interactions: Ser441A, Ser439A, Thr444A, Ser395A, Gln440A 
and the carbon backbone with: C2-His595B (residues of the adjacent 
monomer) and C3-Thr394A. The replacement of the F6P ligand with A5P 
in the crystal structure suggested similar interactions, with the phosphate 
group interacting with: Ser441A, Ser439A, Thr444A, Ser395A, Gln440A 
and carbon backbone with: C2-His595B, C3-Thr394A, C4-His595B and 
C5-Ser492A. There are no predicted interactions with the residues Lys576A 
and Glu579A because A5P is a pentose. While we can easily model Ru5P 
and Ara5P into the isomerase situ of human GFAT (Figure 4-11), it is less 
clear how these sugars can be isomerised when they are relatively distant from 
Glu579A that is involved in proton abstraction from C-1 of F6P and from 
Lys576A that normally stabilised the enediol intermediate. One possibility 
is that GFAT only sequesters Ru5P and induces spontaneous isomerisation 
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in some way or that Ru5P adopts a different conformation to F6P in the 
active site, bringing the C-1 hydroxyl of Ru5P into apposition with 
Glu579A and Lys576A. 
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Figure 4-11 Human glutamine-fructose-6-phosphate transaminase 1 

(GFPT1) A) Crystal structure of the isomerase domain (2V4M, PDB 

Protein Data Bank) B) isomerase domain in complex with fructose 6-

phosphate (left) and replacement by manual docking with the GlcN6P 

(right) C) replacement by manual docking of F6P with Ru5P (left) and the 

product A5P (right). 
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Chapter 5  

5 Results  
 

5.1 Nucleotide sugar analysis of Crithidia fasciculata  
 

Only L. major (McConville et al., 1992) (Ferguson, 1997), L. tropica , C. 
fasciculata (Schneider et al., 1995) and Endotrypanum (Xavier et al., 1998) 
are known to express arabinose in the form of α-D-Arap. Monosaccharide 
activation usually takes place in the cytoplasm, although in at least one 
kinetoplastid parasite (T. brucei), these biosynthetic reactions occur in a 
peroxisome-like organelle called the glycosome (Bandini et al., 2012; Kuettel 
et al., 2012; Mariño et al., 2010, 2011; Roper et al., 2005; Stokes et al., 2008; 
Turnock et al., 2007). Nucleotide sugars are monosaccharides, and their 
derivatives, that are esterified through their glycosidic hydroxyl to the beta 
phosphate of a nucleoside-5'-pyrophosphate. Nucleotide sugars serve two 
general biochemical functions: they are i) the monosaccharide donor for 
many glycosylation reactions and ii) the intermediate step in the conversion 
of one sugar to another.  
 
Guanosine 5’-diphosphate (GDP)-D-Arap serves as the donor for 
arabinosyltransferases that attach the activated D-Arap to glycoconjugates in 
the endoplasmic reticulum and/or the Golgi apparatus  of the 
aforementioned  kinetoplastid organism and was first described in L. major 
(Schneider et al., 1994). Here we focused to look for it in C. fasciculata.  
 
 
 

146 
 



 
 
The concentration of nucleotide sugars can change with cell growth and we 
therefore harvested metabolically active cells in mid-log phase for nucleotide 
sugars analysis. Nucleotide sugars were extracted from three biological 
replicates of 1 x 108 cells. The cells were pelleted by centrifugation, washed 
once in ice-cold phosphate-buffered saline, and then lysed with cold 70 % 
ethanol on ice in the presence of GDP-glucose as internal standard. Lipids 
were removed with butan-1-ol and nucleotide sugars were enriched using 
ENVI-Carb graphitised carbon cartridges prior to separation with 
HyperCarb porous graphitic carbon LC column for the analysis by LC-
MS/MS  (Turnock & Ferguson, 2007) and as described in Materials and 
Methods (section 2.9.2).   
Six nucleotide sugars were detected in C. fasciculata (Figure 5-1). These 
experiments showed the presence of GDP-Arap in C. fasciculata for the first 
time. 
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Figure 5-1. Representative LC-MS/MS multiple-reaction monitoring 

(MRM) chromatograms of nucleotide sugar extracts from Crithidia fasciculata, 

separated on a HyperCarb porous graphitised carbon (PGC) column. Six 

nucleotide sugars were detected: UDP-Glc (retention time 13.70 min), UDP-

Galp (retention time 12.99 min), GDP-Man (retention time 17.22 min), 

UDP-GlcNAc (retention time 13.95 min), GDP-Fuc (retention time 18.35 

min), and GDP-Arap (retention time 17.64 min) along with the exogenous 

added GDP-Glc internal standard (retention time 18.09 min). 
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Table 5-1 Comparison of sugar nucleotide concentrations in C. fasciculata wild 
type and gfat-/- mutant. Nucleotide sugars were extracted from mid Log phase 
wild type (wt) and gfat-/- and measured by liquid chromatography-electrospray 
ionisation-tandem mass spectrometry with multiple reaction monitoring. 
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5.2  Analysis of Crithidia lipoarabinogalactan (LAG) and 

Leishmania lipophosphoglycan (LPG) from wild-type and gfat-/- 

null mutants. 
 

As described in Chapter 1, lipoarabinogalactan (LAG) in Crithidia 

fasciculata (Schneider et al., 1996) and lipophosphoglycan (LPG) in 

promastigotes Leishmania major (McConville et al., 1990) are the major 

glycophospholipids covering these parasites. We therefore used these 

terminal metabolites of D-Ara as reporter molecules to assess the roles of L. 

major and C. fasciculata GFAT in the provision of D-Ara in these organisms. 

For this study, we used wild-type and GFAT null mutant (gfat-/-) cell lines 

from Crithidia (described in Chapter 4) and wild-type and Lmj gfat -/-  null 

mutants of L. major, that were given as a kind gift from Professor Malcolm 

J. McConville)  (Naderer et al., 2008). Techniques such as electrospray mass 

spectrometry (ES-MS) and gas chromatography – mass spectrometry (GC-

MS) were applied for these analyses (Wilson et al, 1999).   
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5.3  Extraction of LAG from C. fasciculata and LPG from 

L. major  
 

5.3.1  The function of GFAT in C. fasciculata  
 

So far it is known that C. fasciculata has a salvage pathway (Figure 1-10), that 

allows the parasites to internalize D-Ara from the extracellular medium or 

the lumen of insect guts (Schneider et al., 1995).  

To address the contribution of GFAT in C. fasciculata to D-Ara metabolism, 

wild-type and gfat-/- cells were grown in media supplemented with different 

concentrations of D-Ara (0 mM, 2 mM and 10 mM).  

 

5.3.2  Purification of LAG from C. fasciculata 
 

The extraction and purification of C. fasciculata LAG is described in 

Materials and Methods (sections 2.8.1). Briefly, 1010 freeze dried cells were 

extracted for total lipids with chloroform: methanol: water and the remaining 

pellet, containing the highly-polar LAG molecule, was extracted with 9 % 

butan-1-ol. The latter was loaded onto a hydrophobic interaction 

chromatography column of octyl-Sepharose and left overnight to increase 

the binding prior to fractionation using a gradient of propanol-1-ol. The 

concentration of propanol-1-ol required to elute LAG from the octyl-

Sepharose column was determined by refractive index, as described in 

Materials and Methods (section 2.8.1). The LAG-containing fractions were 
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detected by orcinol staining (described in section 2.8.4) (Figure 5-2) and 

subsequently myo-inositol analysis by GC-MS (Figure 5-5). The LAG-

containing fractions were five of 50 fractions, of which the three peak 

fractions were pooled together for the further analysis. With these data we 

observed that the LAG molecules from the wt and gfat-/- cells supplemented 

with D-Ara were eluted before those from those from the gfat-/- null mutants 

without supplementations. These data suggests that the LAG molecules 

differ in overall hydrophobicity. Assuming that the lipid components of the 

LAG molecules are constant, we would expect larger (more glycosylated) 

LAG molecules to elute earlier from the octyl-Sepharose column.  
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Figure 5-2  Orcinol staining : Aliquots of 5 μl from the 50 column fractions 
were applied to the HPTLC plate and stained with orcinol reagent as 
described in Materials and Methods (section 2.8.4). The dark spots indicate 
the presence of carbohydrate. For each sample, five fractions were saved, as 
indicated. 
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5.3.3  SDS-PAGE and Periodic acid-Schiff staining of 

LAG preparations 
 

The three peak fractions containing LAG from each condition were pooled 

and 300 μl from each 6 ml LAG pool (from wt, gfat-/- , gfat-/- + 2 mM D-

Ara and gfat-/- + 10 mM D-Ara) were dried in a Speedvac, resuspended and 

in 50 μl water and freeze-dried to remove ammonium acetate buffer salts. 

The resulting samples were redissolved in 25 μl 2 % SDS-sample buffer and 

loaded onto a 4 -12 % SDS-PAGE gel, using MES running buffer to 

improve the resolution of low apparent molecular weight components. The 

gel was subsequently fixed and stained for carbohydrate by the periodic acid-

Schiff (PAS) method (section 2.8.11). The PAS staining shows differences 

in the apparent molecular weights of the LAG samples (Figure 5-3). The 

reduction in apparent molecular weight of LAG from gfat-/- cells, and 

subsequent recovery in Crithidia when gfat-/- cells were grown in the presence 

of D-Ara. These data suggest that the Crithidia gfat-/- cells make a defective 

(smaller) LAG molecule and that this defect can be reversed by the D-Ara 

salvage pathway.  

 

 

 

 

 

 

 

154 
 



 

Figure 5-3   Periodic acid-Schiff staining of LAG samples from wild-type 
and gfat-/- Crithidia.  Peak fractions containing lipoarabinogalactan (LAG) 
from WT, gfat-/- supplement with 0 mM D-Ara, 2 mM D-Ara and 10 mM 
D-Ara were run on a 4-12 % SDS-PAGE gel and stained with PAS reagent 
for carbohydrate. The apparent molecular weight of the WT LAG is ~ 17-
42 kDa, the gfat-/- LAG corresponds to ~ 17-25 kDa, gfat-/- + 2 mM D-Ara 
LAG corresponds to ~ 13-32 kDa and gfat-/- + 10 mM D-Ara  LAG 
corresponds to ~ 17-40 kDa. 

 

 

 

 

 

 

 

 

 

  

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

155 
 



 

5.3.4  Inositol analysis of LAG preparations 
 

The core structure of the LAG molecule contains a single residue of the cycle 

alcohol myo-inositol (Figure 1-5). To quantify the number of LAG 

molecules present in wild-type and in the gfat-/- null mutant grown with and 

without D-Ara, we therefore analysed the myo-inositol contents of the LAG 

fractions from octyl-Sepharose chromatography by gas chromatography - 

mass spectrometry (GC-MS) as described in (section 2.8.8). Briefly, 5 μl 

aliquots of the five 2 ml LAG-containing fractions determined by orcinol 

staining (Figure 5-3) and five fractions before and after these, were premixed 

with a 50 pmole internal standard of hexa-deuterated myo-inositol and 

processed as described in (section 2.8.10). In this method, myo-inositol is 

released by strong acid hydrolysis and derivatised with TMS reagent. The 

resulting inositol-TMS6 derivatives were then analysed by GC-MS using 

selected ion monitoring (SIM) for the characteristic m/z 305 and 318 

fragment ions of inositol-TMS6  and the corresponding m/z 307 and 321 

ions for the deuterated internal standard  (Mehlert & Ferguson, 2008). This 

method is very accurate, sensitive and robust (useful range 10-100 pmol) but 

relies on the absence of other myo-inositol-containing molecules, such as 

phosphatidylinositol (PI) and glycosylphosphatidylinositol (GIPLs). For 

this reason, the fractions from 28 to 41 (15 in total) were analysed to assess 

background as well as peak levels. A typical GC-MS chromatogram of the 

four selected ions m/z 305 and 318 for myo-inositol-TMS6 and m/z 307 and 

321 ions for D6-inositol-TMS6 is shown in (Figure 5-4).  
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The amount of myo-inositol in each of the fifteen fractions of the wt and 

gfat-/- cells supplement with 0 mM D-Ara, 2 mM D-Ara and 10 mM D-Ara 

were calculated using the following formula: 

 

 

 

Where: 2000 μl = volume of fraction, 5 μl = used for the analyses, 50 pmol 

= amount of D6 myo-inositol).  

The resulting figures were plotted and are shown in (Figure 5-5). From the 

total amount of myo-inositol (were therefore of LAG) in the three peak 

fractions from each experimental condition are shown in (Figure 5-6).  
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Figure 5-4   Selective ion monitoring (SIM) chromatography of the 
characteristic m/z 305 and 318 fragment ions of inositol-TMS6 and m/z 307 
and 321 fragment ions for the deuterated inositol (D6-inositol-TMS6) 
internal standard.   
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Figure 5-5    Myo-inositol content of octyl-Sepharose column fractions. 

The amounts of myo-inositol in the fractions 28 to 42 of samples of LAG 

purified from: WT (blue line) and gfat-/- cells supplement with 0 mM D-

Ara (red line), 2 mM D-Ara (pink line) and 10 mM D-Ara (green line) are 

shown. The dotted line shown the propanol-1-ol concentration across 

these fractions. All of these values have been corrected by background-

subtraction of 24,000 pmol myo-inositol per fraction.  
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Figure 5-6   The total amount of myo-inositol in the three peak fractions of 

purified LAG from: wt, gfat-/- , gfat-/- + 2mM D-Ara and gfat-/- + 10 mM 

D-Ara cells. These values are corrected for background levels of myo-

inositol. 

 

The three LAG-containing peak fractions were pooled: for the WT fractions 

33, 34, 35; for gfat-/- fractions 35, 36, 37; for gfat-/- + 2 mM D-Ara fractions 

32, 33, 34; for gfat-/- + 10 mM D-Ara fractions 31, 32, 33. Aliquots of these 

pools were taken for carbohydrate composition analysis, described in (section 

2.8.9). 
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5.3.5  Monosaccharide composition of purified LAG 

samples analysed by GC-MS 
 

The carbohydrate compositions of the LAG samples were determined by 

methanolysis, TMS derivatisation and gas chromatography – mass 

spectrometry (GC-MS) as described in (section 2.8.6).  

Briefly, after myo-inositol analysis the three LAG-containing peak fractions 

were pooled and 40 μl aliquots of each 6 ml pool were premixed with 30 μl 

0.1mM  scyllo-inositol (SI) as an internal standard, and 20 μl aliquots from 

the mixture were transferred into 3 analysis tubes, alongside tubes containing 

a standard mix of monosaccharides and scyllo-inositol.  The samples were 

dried and subjected to acid methanolysis, re-N-acetylation and TMS 

derivatisation. The resulting methyl-glycoside TMS derivatives were 

analysed by GC-MS (section 2.8.9) and representative chromatograms are 

shown in (Figure 5-7). When more than one peak was present for a single 

monosaccharide (eg. galactose) the bigger peak (with a retention time of 16.5 

min for galactose) was used in the quantification.   
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Figure 5-7 GC-MS total ion chromatograms of methyl-glycoside TMS 
derivatives from purified LAG molecules from C. fasciculata. Representative  
TIC chromatograms for monosaccharide standards of D-Ara, D-Man and 
D-Gal (panel A ), and for the monosaccharide derivatives from WT LAG 
(panel B) and LAG purified from gfat-/- supplemented with 0 mM D-Ara 
(panel C), 2 mM  D-Ara (panel D) and 10 mM D-Ara (panel E).  
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The peaks for the TMS derivatives of the standards were used to calculate 

the molar relative response factor (MRRF) for each monosaccharide 

compared to the scyllo-inositol internal standard as follows:  

 

 

 

 

The amounts of TMS derivatised neutral monosaccharides in the samples 

were then estimated as follows:  

 

 

  

 

Where: 6000 μl = total volume of pool, 40 μl = used for the analyses.   

The resulting calculations are shown in (Table 5-2).  
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Table 5-2. These values are for pooled fractions 33, 34, 35 for WT LAG, 

35, 36, 37 for gfat-/- LAG, 32, 33, 34 for gfat-/- + 2 mM D-Ara LAG and 
31, 32, 33 gfat-/- + 10 mM D-Ara LAG described in (section 5.3.5). These 
figures have been corrected for background myo-inositol. 
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5.3.6  Possible source of D-Arabinose in the media  
 

While the composition analyses showed a reduction in LAG number and 

D-Ara content in the gfat-/- null mutant (that could be reversed by adding 

Ara to the growth medium), it was also clear that GFAT is not the only 

source of D-Ara for C. fasciculata. Previous studies by (Schneider et al., 1995; 

Schneider et al., 1994) have suggested that D-glucose (D-Glc) and D-

glucosamine (D-GlcN) might spontaneously degrade and form D-arabinose. 

Both the parasites Crithidia and Leishmania are grown in SDM-79 medium 

which contains D-Glc and D-GlcN. In order to test this hypothesis we 

analysed the media by GC-MS for the presence of D-Ara. To an aliquot of 

500 μl SMD-79 medium was added 4 ml of 100% ethanol (EtOH). The 

SMD-79 media was allowed to precipitate the protein at -20°C for 16 h. It 

was subsequently centrifuged for 30 min at 13,000 rpm at 4 °C and 500 μl 

of supernatant was dried in a Speedvac. The dried samples were resuspended 

in 50 μl of water and loaded into a cartridge of 0.1 ml Dowex AG-50 over 

0.1 ml Dowex AG-3 and eluted in 0.8 ml water. From the de-salted eluates, 

aliquots of 100 μl were mixed with 1 nmol scyllo-Inositol as an internal 

standard and re-dried in the Speedvac. Acid methanolysis was carried out as 

described in (section 2.8.12) followed by derivatisation with TMS (section 

2.8.5) and analysed by GC-MS. For the D-arabinose identifications 

electron-impact mass spectra were collected and extracted ion monitoring 

(EIM) for m/z 133, 147, 204 and 217 was used to look for methyl-D-Ara 

TMS derivatives at the appropriate retention times (11.237 min, 11.447 min 
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Figure 5-8 Presence of D-arabinose in SDM-79 media by GC-MS analysis. 
Electron-impact mass spectra were collected and by using extracted ion 
monitoring (EIM) ion m/z 133, 147, 204 and 217 ions together with retention 
time, these diagnostic ions were used to identify trace quantities of D-
arabinose.   

and 11.789 min) (Figure 5-8). From this experiment we identified a trace of 

D-arabinose in the media which might be used by the parasites by the salvage 

pathway. This may explain why the gfat-/- null mutant still incorporate some 

D-Ara into their LAG molecules (see Chapter 8 Discussion).   
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Figure 5-9 Representative LC-MS/MS multiple-reaction monitoring 

(MRM) chromatograms of sugar nucleotide extracts from Cfgfat-/- . Six sugar 

nucleotides were detected UDP-Glc, UDP-Galp, GDP-Man, UDP-

GlcNAc, GDP-Fuc, and GDP-Arap as well as the GDP-Glc internal 

standard. 

 

5.3.7 Nucleotide sugar analysis of the C. fasciculata gfat-/- 

null mutant 
 

These experiments showed six nucleotide sugars UDP-Glc (9.52 min), 

UDP-Galp (11.10 min), GDP-Man (15.03 min), UDP-GlcNAc (11.48 

min), GDP-Fuc (16.53 min) and GDP-Arap  (15.71 min) (Figure 5-9) like 

the wild-type cells  (Figure 5-1). Surprisingly, the level of nucleotide sugar 

pools were increased (Table 5-1). The results are considered in the 

Discussion.  
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5.4  The gfat-/- null mutant of Leishmania major 
 

For these studies Leishmania major WT and mutant lacking the gene gfat-/- 

were given as a kind gift from Professor Malcolm J. McConville, University 

of Melbourne (Naderer et al., 2008). The L. major gfat-/- mutant is unable to 

synthesize GlcN-6-P via the de novo pathway and is auxotrophic for GlcN 

or GlcNAc, similar to the gfat-/- null mutant of C. fasciculata. Lmgfat-/- null 

mutant promastigotes were cultured in medium containing GlcN and 

GlcNAc. The backbone of L. major LPG contains phosphosaccaride repeats 

that are easy to release by mild acid and to analyse by electrospray mass 

spectrometry (ES-MS-MS) in negative mode (Iain B.H. Wilson et al., 

1999). In addition, monosaccharide compositions were determined by 

methanolysis, TMS derivatisation and gas chromatography – mass 

spectrometry (GC-MS) as described in (section 2.8.5and 2.8.6).  

 

5.4.1 Purification of LPG from L. major 
 

The extraction and purification of L. major LPG is described in Materials 

and Methods (sections 2.8.1and 2.8.2). Briefly, 1010 freeze dried cells were 

extracted for total lipids with chloroform: methanol: water and the remaining 

pellet, containing the highly-polar LPG molecule, was extracted with 9 % 

butan-1-ol. The latter was loaded onto a hydrophobic interaction 

chromatography column of octyl-Sepharose and left overnight to increase 

the binding prior to fractionation using a gradient of propanol-1-ol. The 
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Figure 5-10  Orcinol staining : Aliquots of 2 μl from the 40 column fractions 
were applied to the HPTLC plate and stained with orcinol reagent as 
described in Materials and Methods (section 2.8.4). The dark spots indicate 
the presence of carbohydrate. For each sample, five fractions were saved, as 
indicated. 

concentration of propanol-1-ol required to elute LPG from the octyl-

Sepharose column was determined by refractive index, as described in 

Materials and Methods (section 2.8.3). The LPG-containing fractions were 

detected by orcinol staining (described in section 2.8.4) (Figure 5-10). The 

LPG-containing fractions were five of 40 fractions, of which the five peak 

fractions were pooled together for further analysis.  
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5.5  Analysis of LPG  
 

5.5.1 Analysis of LPG phosphosaccharide repeats by ES-

MS 

An aliquot of 100 μl from the pool fractions of WT LPG and gfat-/- null 
mutant LPG were dried in the Speedvac, hydrolysed with mild acid 
described in (section 2.8.12) and redissolved in 50 % acetonitrile containing 
100 mM ammonium acetate. The resulting phosphosaccharide repeats of 
LPGs (Figure 5-11) were applied by syringe to the ES-MS instrument and 
analysed in negative ion mode (section 2.8.13). Precursor ion scanning, for 
precursors of m/z 79 ([PO3]-), was used to detect phosphate-containing 
molecules. The characteristic precursor ions of the HPO3-(R-3)Galβ1-
4Man-OH phosphosaccharide repeats of LPG from L. major are: m/z 421 
(R= H), m/z 583 (R= Gal), m/z 715 (R= Gal-Ara), m/z 745 (R= Gal-Gal), 
m/z 907 (R= Gal-Gal-Gal) and m/z 1069 (R= Gal-Gal-Gal-Gal) (Iain B.H. 
Wilson et al., 1999). The m/z 715 ion corresponds to phosphosaccharide 
repeats substituted with D-Arabinose. The results from these experiments 
show a trace of m/z 715 ions in the gfat-/- null mutant LPG (Figure 5-12). 
Unfortunately, when we analysed the WT LPG we observed no significant 
difference in the amount of m/z 715 ions for the D-Ara containing repeats 
(Figure 5-13).   
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Figure 5-11 Diagram of hydrolysis of LPG with mild acid. 
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 Figure 5-12 ES-MS/MS (negative-ion mode) of gfat-/- null mutant LPG 
mild acid hydrolysate.  ES¯ precursor-ion spectrum of m/z 79. The symbols 
above particular ions represent the structures of those ions where green circle 
=Man, yellow circle = Gal, blue circle = Glc, green star = Ara and                                                                                     
and P=phosphate and where OH indicates a reducing terminal hydroxyl 
group generated by acid hydrolysis.  
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Figure 5-13 ES-MS-MS (negative-ion mode) of wt LPG mild acid 

hydrolysate.  ES¯ precursor-ion spectrum of m/z 79. The symbols above 

particular ions represent the structures of those ions where green circle 

=Man, yellow circle = Gal, blue circle = Glc, green star = Ara and                                                                                     

and P = phosphate and where OH indicates a reducing terminal hydroxyl 

group generated by acid hydrolysis. 
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5.5.2 Monosaccharide composition of purified LPG 

samples analysed by GC-MS 
 

The carbohydrate compositions of the LAG samples were determined by 

methanolysis, TMS derivatisation and gas chromatography – mass 

spectrometry (GC-MS) as described in (section 2.8.5 and 2.8.6). Briefly, the 

fractions LAG-containing were pooled, from each pool of peak fraction 50 

μl aliquots were premixed with 10 μl 0.1mM  scyllo-inositol (SI) as an 

internal standard, and aliquots from the mixture were transferred into a 3 

analysis tubes alongside tubes containing a standard mix of monosaccharides 

and scyllo-inositol.  The samples were dried and subjected to acid 

methonolysis, re N-acetylation and TMS derivatisation. The resulting 

methyl-glycoside TMS derivatives were analysed by GC-MS (section 2.8.6) 

and representative chromatogram are shown in (Figure 5-14). Both the 

chromatograms are normalized with to 15.754 min peak of D-Man.  
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Figure 5-14 GC-MS total ion chromatograms of methyl-glycoside TMS 
derivatives from purified LPG molecules from L. major. Representative TIC 
chromatograms for monosaccharide derivatives from wt LPG (panel A) and 
LPG purified from gfat -/- (panel B).  
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The monosaccharide composition analyses confirmed the ES-MS/MS data, 

showing that neither WT nor gfat-/- contains significant quantities of Ara. 

We conclude that the particular strain of L. major used by (Naderer et al., 

2008)  to make their gfat-/- null mutant has undergone genetic or epigenetic 

changes to no longer express significant amounts of D-Ara in its LGP 

molecules. Thus, unfortunately, we could not conclude anything about the 

role of GFAT in D-Ara metabolism using these cells.  
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Chapter 6  

6 Results 
 

6.1 Synthesis of D-erythroascorbic acid by C. fasciculata  
 

As described in the Introduction (section 1.4) we hypothesised that part of 

the function of D-Ara in Crithidia fasciculata and Leishmania major, and 

perhaps the only function in other kinetoplastids and other organisms, might 

be its bioconversion to D-erythroascorbate. Therefore, to address this 

question the aim of this chapter was to exploit a chemically synthesised 

authentic standard of D-erythroascorbate in order to set up a GC-MS based 

analytical method to detect this molecule among C. fasciculata metabolites.  
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6.2 Synthesis of D-Erythroascorbic acid  
 

The organic synthesis of D-erythroascorbic acid has been previously 

described. An undergraduate student, Kieron Lucas under the supervision of 

Dr. Art Crossman, performed the organic synthesis of D-erythoascorbate. 

Following the method of  (Liang, 1989), the first step involved the synthesis 

of methyl D-erythro-2-pentulosonate (2) from the commercially available 

compound D-ribono-1, 4-lactone (1) (Figure 6-1). The ring structure of the 

starting material was cleaved through the addition of phosphoric acid and 

oxidised through the addition of sodium chlorate and a catalytic amount of 

vanadium pentoxide. This reaction produced a mixture of compounds and a 

small amount of the desired product (2) was isolated by C18 reverse phase 

chromatography.  D-erythroascorbate (3) was produced through dissolving 

compound 2 in dry methanol containing sodium acetate and refluxing. This 

reaction was acidified to pH 2 by the addition of strongly acidic ion exchange 

resin. The D-erythroascorbate (3) product was isolated by C18 reverse phase 

chromatography, along with side-reaction contaminants.  

Despite being impure, this synthetic D-erythroascorbate material allowed us 

to establish the retention time of its trimethylsilyl (TMS) derivative (Figure 

6-2) by GC-MS (Figure 6-3).  

 

 

 

 

183 
 



 

Figure 6-1  The organic synthesis of D-erythroascorbic acid. A two-step 

synthesis starting from ribono-1-4-lactone to prepare D-erythroascorbic acid. 

Compound (2) undergoes mutarotation in methanolic solution, as indicated. 

This work was performed by Mr Kiron Lucas, under the supervision of Art 

Crossman, University of Dundee.  
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Figure 6-2 The conversion of D-erythroascorbate to its TMS derivative. 
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The GC-MS total ion chromatogram (Figure 6-3) showed four main 

components. One of these, scyllo-inositol (SI) was an added internal standard 

(20.647 min) and peaks at 13.7 and 19.9 minutes were contaminants. 

However, the peak at 14.2 minutes exhibits a mass spectrum consistent with 

that previously reported by (Liang, 1989). The ion at m/z 362.1 is the 

molecular ion [M]+ and those at m/z 73, 103, 133, 147, 215, 216, 257, 332 

and 347 are characteristic electron-impact fragment ions (Figure 6-4). Thus, 

the second largest ions present at m/z 347.1 and 332.1 are the molecular ion 

that has lost one and two CH3 groups from any of the TMS groups, 

respectively. The ions at m/z 73, 103 and 147 are [Si(CH3)3]+,  [CH2-O-

Si(CH3)3]+ and [(CH3)3Si-O-Si(CH3)2]+, respectively (De Jongh et al., 

1969) (Figure 6-4).  
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Figure 6-3 GC-MS total ion chromatogram a sample of synthetic D-
erythroascorbate following TMS-derivatisation. The D-erythroascorbate-
TMS3 derivative eluted at 14.225 min. The other peaks are contaminants        
(at 13.7 and 19.9 min) and a scyllo-inositol-TMS6 internal standard (SI) 
(20.647 min).  
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Figure 6-4 Electron-impact mass spectrum of D-erythroascorbate-TMS3. 
Mass spectrum of the compound that eluted from the column of the GC-
MS at 14.225 min. The characteristic fragment ions of D-erythroascorbate-
TMS3 are m/z 73, 103, 133, 147, 215-216, 257, 332 and 347 along with the 
[M+] molecular ion at m/z 362.  
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6.3 Extraction of D-Erythroascobic acid from C. fasciculata 
 

After setting up a GC-MS analytical system for synthetic D-

erythroascorbate, we looked for this metabolite in Crithidia.  

C. fasciculata cells were grown in SDM79 culture media with and without 

the addition of 2 mM D-arabinose, the latter in an attempt to increase the 

production of D-erythroascorbate. The C. fasciculata cells were grown to a 

density of 1 x 108 cells/ml. The cells were chilled to 0 °C to halt metabolism 

by plunging culture flasks into dry ice and ethanol for 15 seconds,  followed 

by centrifugation and washes of the cell pellet at 0 °C. Subsequently, the cells 

were lysed with chloroform/methanol/water with the ratio of 3:3:1.The 

resultant mixture was vortexed then heated at 60 °C for 10 min. After 

heating, the mixture was centrifuged and water was added to give a final ratio  

of chloroform/methanol/water 3:3:3. The resultant mixture consisted of 

three layers; a lower chloroform-rich phase containing apolar metabolites, a 

middle layer of denatured protein and nucleic acids and an upper water-

methanol rich phase containing the polar metabolites. The top layer 

containing polar metabolites was collected. This water-methanol fraction 

was then dried and TMS derivatised in order to carry out GC-MS analysis. 

This analysis provided valuable retention time and electron fragmentation 

pattern data for the polar metabolites present in the C. fasciculata cells. 

However, only when the cells were grown in the presence of 2 mM D-

arabinose was a significant peak of D-erythroascorbic observed at 14.132 

minutes (Figure 6-5, panel A and B). These data show that the kinetoplastid 

parasite C. fasciculata can synthesise the five carbon compound D-

erythroascorbate from its suggested precursor D-arabinose. However, since 

we could not detect D-erythroascorbate in C. fasciculata grown in the absence 
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of exogenous D-Ara (Figure 6-5, panel C), it is unclear whether the steady-

state levels of this metabolite in the absence of exogenous D-Ara are 

biologically significant.  
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Figure 6-5 Detection of D-erythroascorbate in C. fasciculata. The polar 
metabolite fractions of C. fasciculata grown in presence (panel A) or 
absence (panel C) of 2 mM D-Ara were converted to TMS-derivatives 
and analysed by GC-MS. The peak at 14.123 min in panel A has electron-
impact mass spectrum shown in (panel B), which is characteristic of D-
erythroascorbate-TMS3.  
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Chapter 7  

7 Discussion  
 

7.1 D-Arabinose de novo pathway  
 

The first step in the de novo biosynthesis of hexosamines, the formation of 

glucosamine-6-phosphate from fructose-6-phosphate and glutamine, is 

catalysed by the enzyme glutamine:fructose-6-phosphate aminotransferase 

EC 2.6.1.16 (GFAT). We found that the same enzyme possess arabinose-

5-phosphate isomerases (API) activity which catalyses the interconversion of 

D-ribulose-5-phosphate and D-arabinose-5-phosphate. The molecular 

mechanisms of the reactions catalysed by GFAT are complex, involving both 

amino transfer and sugar isomerisation. In both GFAT and API functions 

the enzyme performs a ketose–aldose isomerization. The ketose sugars 

involved in the reactions are D-fructose-6-phosphate and D-ribulose-5-

phosphate, respectively. When the structure of these ketoses are compared it 

can be seen that they are very similar (Figure 7-1), perhaps explaining how 

GFAT can perform both functions using one or other or both of its SIS 

domains.  
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Figure 7-1 Configuration of Fr6P and Ru5P  
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In C. fasciculata GFAT we found that the second SIS domain of the enzyme 

is not required for the API activity, this means that the second domain might 

be involved in the other function of the enzyme, i.e, to convert F6P to 

GlcN6P or that only the first SIS domain is required for both GFAT and 

API isomerisation functions. 

Although GFAT enzymes are present in most organisms, surprisingly little 

is known about regulatory mechanisms. In bacteria GFAT is inhibited by 

the reaction product, GlcN-6-P, and in eukaryotic organisms by UDP-

GlcNAc, the final product of the hexosamine pathway. Since prokaryotic 

GFAT (a dimeric enzyme) is not inhibited by UDP-GlcNAc, the UDP-

GlcNAc-binding site seems to be a unique feature of tetrameric eukaryotic 

GFAT enzymes (Milewski, 2002). However, there are no data on the 

regulatory mechanisms of GFAT from kinetoplastids. Taking into account 

the crucial role of GFAT in the UDP-GlcNAc biosynthetic pathway and 

the regulatory mechanisms from other organisms, kinetoplastids might have 

a regulatory mechanisms but in not yet identified. 

The GFAT gene from L. major has ~ 65 % “guanine-cytosine content”. Due 

to this extreme G + C richness, we decided to use native and codon optimised 

GFAT constructs in the complementation assay. This showed that although 

the GFAT gene from L. major had API activity and complemented the E. 

coli API mutant, this only occurred using the codon optimised gene. On the 

other hand, GFAT genes from L. donovani, T. brucei, Homo sapiens and 

Saccharomyces cerevisiae were able to complement the E. coli API mutant with 

or without codon optimised.  It is worth noting that although E. coli 

expresses a GFAT enzyme this is clearly incapable of performing API 

activity in the E. coli API mutant.  
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In H. sapiens the presence of pentitols including D-arabitol and D-arabinose  

has been reported (Huck et al., 2004; Senderek et al., 2011). Pentitols derive 

from sugar phosphates formed through the pentose phosphate pathway. 

Little is known about the metabolisms, transport, function, and toxicity of 

polyols in humans. Clinical studies reported five patients with different 

profiles of polyol accumulation in body fluids associated with different 

clinical phenotypes (Huck et al., 2004). All the patients presented with 

disorders of the pentose phosphate pathway, including in: 1, glucose-6-

phosphate dehydrogenase; 2, ribulose-5-phosphate epimerase; 3, ribose-5- 

phosphate isomerase; 4, transketolase 5, transaldolase. In all cases this lead 

to the accumulation of D-arabitol and elevated concentration of D-

arabinose. The proposed pathways to the pentitols are shown in (Figure 7-2) 

(Huck et al., 2004). Our experiment could contribute understanding the 

presence of D-arabinose and D-arabitol in humans. Thus, we hypothesize 

that all these disorders drive the accumulation of D-Ru5P and that GFAT 

then leads in the formation of A5P, followed by conversion to D-ara and D-

arabitol (Figure 7-2).   
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Figure 7-2 Schematic representation of putative pathways leading to the 
formation of pentitols (taken from  Huck et al., 2004). The dotted arrows 
indicate presumed but not demonstrated bioconversion and the reactions in 
red are postulated from our work. 
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The last step of D-Ara metabolism in Crithidia and some Leishmania and 

Endotrypanum spp is the incorporation of the monosaccharide into cell 

surface molecules of the parasites. Through analysing the cell surface 

molecules from wt and gfat-/- cells of C. fasciculata, we saw 50 % reduction in 

D-Ara-containing glycoconjugates in the gfat-/- null mutant and full recovery 

of the LAG molecules on the surface in the gfat-/- supplemented with D-

Ara. This means that D-Ara is required for the synthesis of LAG and that 

the GFAT gene product is involved in the de novo pathway of D-Ara. 

Despite this 50 % reduction in the level of LAG molecules in the gfat-/- null 

mutant we, still observed significant incorporation of D-Ara residues into 

the LAG molecules. This residual amount of D-Ara might come from a 

salvage pathway dependent on exogenous D-Ara in the medium and from 

the second proposed pathway that D-Ara arise from the conversion of D-

Glc to D-Ribose-5-phosphate (via D-6-P-gluconate and/or D-fructose-6-

P) and that a novel D-ribose-5phosphate 2-epimerase converts this to D-

Ara-5-P. The latter seems unlikely since the proposed enzyme is 

unprecedented. On the other hand the salvage pathway of D-Ara is fully 

understood and previous studies by (Schneider et al., 1996; Schneider et al., 

1995) have suggested that D-glucose (D-Glc) and D-glucosamine (D-

GlcN) could spontaneously degrade and form D-arabinose. By GC-MS we 

did detect trace quantities of D-Ara in the medium used for parasite growth. 

We conclude that while GFAT is involved in the de novo pathway of D-Ara 

in C. fasciculata we can not exclude the presence of others putative pathways 

or of D-Ara salvage. Unfortunately, the particular strain of L. major used for 

these studies was not helpful because it had undergone genetic or epigenetic 
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changes to no-longer express significant amounts of D-Ara in its LPG 

molecules.  

The donor of D-Arap residues is GDP-α-D-arabinopyranose which had 

been identified in Leishmania major (Turnock & Ferguson, 2007). Here we 

found GDP-α-D-arabinopyranose in C. fasciculata by LC-MS/MS 

consistent with the presence of α-D-arabinopyranose residues in 

lipoarabinogalactan in C. fasciculata.  

 

 

We compared the cellular levels of nucleotide sugars from C. fasciculata wt and 

gfat-/- (Table 5-1). To our surprise the level of the nucleotide sugars in the 

Cfgfat-/- cells were increased. The most increased level was for GDP-α-D-

arabinopyranose. We rationalise these intriguing results as follows model 

(Figure 7-3). From our data we know that D-Ara is utilised by C. fasciculata to 

make D-erythroascorbate (possibly an essential pathway) and via GDP-α-D-

arabinopyranose LAG and smaller D-Ara-containing GIPLs (possibly a non-

essential pathway). Under conditions of D-Ara starvation the parasites may 

downregulate the flux through the non-essential pathway which leads to the 

reduction of the amount of LAG molecules on the surface. One way to achieve 

that reduced flux of D-Ara into LAG could be to downregulate the GDP-Ara 

transporter that takes the nucleotide sugar into the ER and/or Golgi and for 

the arabinosyltransferase(s) therein that synthesise LAG. This could then lead 

to the counter-intuitive increase in GDP-Ara that we observe. Candidate genes 

for downregulation could therefore be the Crithidia homologues of the 

characterised Leishmania GDP-sugar (Hong et al., 2000) transporter, LPG2, 
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or of the L. major SCA genes encoding the LPG arabinosyltransferases 

(Dobson et al., 2010). Future experiments could include measuring 

transcript and/or protein levels of these gene products. 

 

 

 

 

 

 

 
 

Figure 7-3  A possible model to explain the accumulation of GDP-Ara under 
D-Ara starvation. The reduction in D-Ara flux into LAG synthesis, by down 
regulation of the GDP-Ara transporter and/or arabinosyltransferase(s) could 
lead to the accumulation of GDP-Ara as a dead-end metabolite. 
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D-Ara in Saccharomyces cerevisiae is utilised for the biosynthesis of D-

erythroascorbic acid which is an antioxidant. In Crithidia and Leishmania D-

Ara is incorporated in the surface molecules, but if the parasites synthesised 

D-erythroascorbic acid from D-Ara is unknown. In S. cerevisiae the 

biosynthesis of D-erythroascorbic acid starts from D-Ara, which is oxidized 

by NAD(P)+ specific dehydrogenases to D-arabino-1,4-lactone, which is 

further oxidized to D-erythroascorbic acid by D-arabino-1,4-lactone oxidase 

( Kim et al, 1998) (Figure 7-4). The trypanosomatid genomes contain a gene 

that encodes an NADP-dependent arabinose dehydrogenase, which 

catalyses the formation of D-arabinono-1,4-lactone from D-arabinose 

(Opperdoes & Coombs, 2007). Moreover, D-Arabinose dehydrogenase 

(LmjF31.2150) and D-Arabino-1,4-lactone oxidase (LmjF17.1360) are 

present in the genome of Leishmania major also have a potential PTS1 

targeting sequence, which indicates that ascorbate might be generated within 

glycosomes as antioxidants (Opperdoes & Coombs, 2007). Thus, current 

evidence and the dual function of GFAT suggest that the kinetoplastids 

might synthesised D-Ara for the biosynthesis of D-erythroascorbate and 

during the evolution the metabolite is further utilised to make GDP-Arap 

and arabinose-containing cell surface glycoconjugates. Therefore, we 

investigated D-erythroascorbic acid in C. fasciculata cells, were grown in 

media with and without the addition of D-arabinose, the latter in an attempt 

to increase the production of D-erythroascorbate. We successfully found D-

erythroascorbic acid only when the cells were grown in the presence of D-

arabinose. These data show that the kinetoplastid parasite C. fasciculata can 

synthesise the five carbon compound D-erythroascorbate from its suggested 

precursor D-arabinose.  
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Figure 7-4 A proposed pathway for the biosynthesis of D-erythroascorbic 
acid in yeast, in black (Kim et al., 1998) and D-Arabinose pathway in red 
are postulated from our data. 
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GFAT gene in Crithidia and Leishmania is essential for growth. Both, Lmj 

gfat-/- and Cf gfat -/- null mutants are unable to synthesize GlcN-6-phosphate 

de novo and are auxotroph for GlcN and GlcNAc.  

 

GlcN or GlcNAc starved (for 24 h) gfat-/- mutant parasites fail to recover 

when suspended in GlcN or GlcNAc supplemented medium, indicating that 

some irreversible damage happens to the cells when hexosamine metabolisms 

is prevented. Interestingly, we observed difference in size and motility of the 

parasites, the gfat-/-null mutants were smaller and less motile in comparison 

with the wild-type cells. In the absence of exogenous GlcN or GlcNAc, the 

morphology of the gfat-/- null mutant change dramatically, with the cells 

rounding up and becoming highly vacuolated before death. However, the 

presence of D-Arabinose (D-Ara) did not improve the phenotype of the gfat-

/- null mutant, suggesting that GlcN/GlcNAc starvation was the caouse of 

this phenotype. 
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7.2 Conclusion  
 

There were three main aims to this thesis: to identify Arabinose-5-

phosphate Isomerase (API) in Leishmania major and Crithidia fasciculata, to 

identify the activator donor sugar GDP-Arap in Crithidia fasciculata and to 

identify  D-Erythroascobic acid in all the kinetoplastids.  

 

Arabinose-5-phosphate Isomerase (API) was successfully identified, 

by complementation in an E. coli API mutant as belonging to eukaryotic 

GFTA enzymes in general, making eukaryotic GFATs isofunctional 

enzymes for prokaryotic API activities. Unfortunately, we were not able to 

purify native or recombinant GFAT proteins to test in vitro assays 

 

Previous GDP-Arap had only been described in L. major (Schneider 

et al., 1994; Turnock et al., 2007). In this thesis, we were able to positively 

identify it by LC/MS/MS in an extract of C. fasciculata.  

 

For the identification of D-erythorascorbic acid we required a 

synthesis of an authentic standard, which was performed from a student Mr 

Kieron Lucas. Using this standard we were able to successfully identify D-

erythorascorbic acid in Crithidia extract. This suggests that the main reason 

for the kinetoplastids to synthetises D-Ara maybe for the synthesis of D-

erythroascobic acid and that, in addition, organisms like C. fasciculata, L. 

major and Endotrypanum have evolved to also make GDP-Arap to 

incorporate the pentose to the cell surface glycoconjugates.   

204 
 



 

Figure 7-5 The de novo pathway of D-Arabinose from D-Glucose in 
kinetoplastids. The role of the API step (catalysed by the isofunctional 
activity of GFAT) is key to convert Ru5P to Ara5P. A putative (but 
unidentified) Ara-5-phosphatase is involved to complete the pathway.  

To summarise, in this study we characterized one of the missing metabolic 

steps of the de novo pathway of D-Ara from D-Glc (Figure 7-5). The GFAT 

isomerase enzyme catalysed the interconversion of D-ribulose-5-P (Ru-5-P) 

into D-arabinose-5-P (Ara-5-P) followed by a phosphatase (as yet 

unidentified) and D-Ara-1-kinase/pyrophosphorylase (a known dual 

function enzyme in Leishmania) (Guo et al., 2017; Novozhilova et al, 2009) 

will then complete the synthesis of GDP-α-D-Arap (Figure 7-6). D-Ara is 

incorporated in the major glycoconjugate molecules of L. major, L. donovani, 

C. fasciculata and Endotrypanonum spp. via GDP-α-D-Arap and we 

postulate that it is also a substrate for the synthesis of D-erythroascorbate in 

kinetoplastids and yeast.  
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Figure 7-6 The salvage and de novo pathways of D-Arabinose. 
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