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ABSTRACT 

Entamoeba histolytica is a water- and food-borne intestinal parasite that causes 

amoebiasis and liver abscess in ~100 million people each year leading to ~100,000 

deaths. This amitochondriate parasite lacks many metabolic pathways including the 

tricarboxylic acid cycle and oxidative phosphorylation, and cannot synthesize purines, 

pyrimidines, or most amino acids. As a result, E. histolytica is presumed to rely on its 

modified pyrophosphate (PPi)-dependent glycolytic pathway for ATP production during 

growth on glucose. This pathway relies on a PPi-dependent rather than ATP-dependent 

phosphofructokinase (PFK) and thus has a net production of three ATP per glucose. 

However, in addition to the one PPi-dependent PFK, the E. histolytica genome encodes 

three putative ATP-dependent PFKs, (designated as EhPFK1, EhPFK2, and EhPFK3). I 

have recombinantly produced and purified EhPFK2 and EhPFK3 to analyze their 

enzymatic activities and regulation. Both enzymes displayed cooperative kinetics instead 

of Michaelis-Menten kinetics with respect to the two substrates fructose 6-phosphate 

(F6P) and ATP. Kinetic analysis showed that EhPFK2 is the more efficient enzyme 

compared to EhPFK3. Various ligands such as AMP that have been shown to regulate 

PFKs in other organisms have been tested to analyze their effects on E. histolytica PFK 

activities. Specifically, I identified phosphoenolpyruvate (PEP), PPi, and citrate as 

inhibitors, with PEP being the most potent, and CoA is a potent activator, differentiating 

EhPFK2 and EhPFK3 from the canonical PFK. I have shown experimentally and through 

structural model predictions that PEP, PPi, and citrate each bind at different allosteric 

sites. In addition, these inhibitors had different effects with respect to F6P and ATP 
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substrate binding. The gene encoding PPi-dependent PFK is highly expressed during 

standard trophozoite growth in E. histolytica as well as in the reptile pathogen Entamoeba 

invadens. RNAseq studies in E. invadens indicate that one of its two genes encoding 

putative ATP-dependent PFK is strongly upregulated during excystation. The differences 

in enzymatic activity and regulation suggest that the four PFKs play different metabolic 

roles.  
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CHAPTER I 

LITERATURE REVIEW 

Introduction 

Entamoeba histolytica is an intestinal parasite that is water and food borne. It can 

cause amebiasis and liver abscess and is prevalent in regions with poor sanitation, 

including large areas within Africa and Asia (Figure 1.1) (Stanley, 2003). In 2010, the 

World Health Organization reported ~1.85 billion cases of diarrheal illness per year 

worldwide in which ~ 820 million cases were from bacteria (44%), ~647 million were 

from viruses (35%), and ~342 million were from parasites (19%) (World Health 

Organization, 2015). From the parasitic cases, ~100 million cases were due to E. 

histolytica infection (World Health Organization, 2015). Infection by E. histolytica may 

approach as many as 1 billion people per year though as only 10% of cases are 

symptomatic (Baxt and Singh, 2008). Common symptoms of amebiasis include bloody 

diarrhea, abdominal pain, and vomiting (Stanley, 2003). Treatments are available, such as 

paromomycin for non-symptomatic infections and metronidazole for symptomatic 

infections. However, there are some side effects associated with these drugs, such as 

nausea, loss of appetite, and headaches (Carrero et al., 2020). Due to many side effects as 

well as poor efficacy, new drugs need to be developed. 

The purpose of this review is to provide an overview of E. histolytica’s life cycle 

and metabolism, with a focus on the glycolytic pathway as this modified pathway is 
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thought to be the main player for energy generation. Gaining deeper insight into E. 

histolytica’s metabolism is essential for identifying new targets for drug discovery. 

 

 

 

 

Figure 1.1. Global distribution of diverse clinical forms of amebiasis. Figure obtained 

from Nasrallah et al., 2022. https://doi.org/10.1016/j.jiph.2022.08.013. Permission 

granted through Elsevier and Creative Commons CC-BY-NC-ND license. 

https://creativecommons.org/licenses/by-nc-nd/4.0/. 

 

 

 

 

 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Entamoeba histolytica Genome 

In 2005, E. histolytica strain HM-1: IMSS was sequenced via the whole-genome 

shotgun method to generate the first E. histolytica genome (Loftus et al., 2005). The 

genome size was about 24 million base pairs with 9,938 predicted protein coding genes, 

which made up 49% of the genome. The annotated genome revealed that one-quarter of 

these genes were predicted to contain introns, in which 6% of the genes contained 

multiple introns. The number of chromosomes could not be determined due to length 

variability between different isolates as well as uncertainty in ploidy (Loftus et al., 2005).  

The E. histolytica genome published in 2005 was error prone due to a solely 

automated approach to genome analysis. To gain more accurate genome information, the 

E. histolytica genome was reassembled and reannotated in 2010 using both automated 

and manual methods (Lorenzi et al., 2010). By incorporating the manual method, the new 

genome assembly reduced the overestimation of genes present in the published genome 

caused by tandem duplications and genes present within repetitive regions. As a result, 

the size of the newly assembled genome was reduced to ~20 million base pairs and 8,201 

predicted protein coding genes. Several predicted genes from the old genome assembly 

that were annotated as hypothetical protein coding genes did not map to the new genome 

assembly. In addition, 36% of the genes that mapped to the new genome assembly had 

structural changes compared to the old genome assembly (Lorenzi et al., 2010).  
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Virulence, Infection, and Diagnosis 

Life Cycle of Entamoeba histolytica 

E. histolytica has two stages in its life cycle, the dormant cyst and motile 

trophozoite forms (Figure 1.2). Tetra-nucleate cysts are protected by a chitin wall, which 

allows them to survive in the environment from stresses such as osmotic shock and 

stomach acid (Samuelson and Robbins, 2011). Cysts are round and range in size from 10-

16 µm in diameter, while trophozoites are pleomorphic in shape and range from 20-40 

µm (Figure 1.3) (Lohia, 2003; Stanley, 2003). Transmission occurs via an oral-fecal route 

which begins when E. histolytica cysts are shed from the host into the environment 

(Wesel et al., 2021). Once the infectious cysts are ingested through contaminated water or 

food, they undergo excystation to the disease-causing motile trophozoite form in the 

small intestine. They then travel to the large intestine and colonize (Wesel et al., 2021). 

In the large intestine, trophozoites feed on bacteria and residual food from the host, 

divide via binary fission, and undergo encystation (Stanley, 2003). The cycle continues as 

both cysts and trophozoites are shed into the environment through the stool (Huston et al., 

1999). However, trophozoites cannot survive outside of the host in the environment as 

they lack the chitin wall that provides protection against various stresses (Stanley, 2003). 
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Figure 1.2. Life cycle of E. histolytica. 1) E. histolytica cysts and trophozoites are 

released into the environment through stool. 2) Mature cysts are ingested via 

contaminated water or food. 3) Cysts undergo excystation to trophozoites in the small 

intestine. 4) Motile trophozoites colonize the large intestine 5) Some trophozoites 

undergo encystation and both cysts and trophozoites are shed into the environment to 

continue the infection cycle. Figure obtained and modified from the CDC website (“CDC 

- DPDx - Amebiasis,” 2019). 
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A 
 

 

Figure 1.3. Morphology of E. histolytica cyst and trophozoite. A) E. histolytica cyst 

stained with iodine. B) E. histolytica trophozoites stained with iodine. Figure obtained 

from the CDC website (“CDC - DPDx - Amebiasis,” 2019). 

 

 Other common protozoan parasites that cause diarrheal diseases are Giardia 

lamblia and Cryptosporidium parvum (Hemphill et al., 2019). A study on prevalence of 

intestinal parasites in 293 young children in Ecuador showed that 57.1% of the children 

had E. histolytica, 21.1% had G. lamblia, and 8.9% had C. parvum (Jacobsen et al., 

2007). G. lamblia and C. parvum also infect the human intestinal tract and cause 

giardiasis and cryptosporidiosis, respectively (Haque, 2007). For G. lamblia, infection 

occurs upon ingestion of cysts, which undergo excystation to trophozoites that adhere to 

epithelial cells (Hemphill et al., 2019). For C. parvum, infection occurs upon ingestion of 

oocysts that contain sporozoites, which will then enter intestinal epithelial cells. Once 

B 
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sporozoites enter epithelial cells, they can develop into either Type I or Type II 

merozoites to undergo asexual proliferation and sexual development (Hemphill et al., 

2019). Although transmission of G. lamblia and C. parvum occurs via an oral-fecal route 

just like E. histolytica, they colonize the ileum, duodenum, and jejunum of the small 

intestine instead of colon (Hemphill et al., 2019; Kucik et al., 2004). 

   

Virulence Factors 

Lectins on the surface of E. histolytica trophozoites allow the parasite to adhere to 

the mucin layer as they have high affinity for galactose (Gal) and N-acetyl-D-

galactosamine oligosaccharides (GalNAc) on host mucin proteins (Marie and Petri, 

2014). Gal/GalNAc lectin is a heterodimer that is composed of transmembrane heavy 

subunit (Hgl) and glycosylphosphatidylinositol-anchored light subunit (Lgl) (Verma and 

Datta, 2017). Hgl provides specificity for Gal and GalNAc as it has a carbohydrate 

recognition domain and inhibition of this subunit prevents adherence (Petri et al., 2002; 

Verma and Datta, 2017). In the case of E. histolytica, Gal/GalNAc lectin binds to Mucin-

2 protein (MUC2) (Cornick et al., 2017). It was shown that MUC2 acts as a barrier 

against E. histolytica infection as MUC2-deficient mice showed greater secretory and 

pro-inflammatory responses (Kissoon-Singh et al., 2013). If mucins are absent, lectins 

will bind to Gal and GalNAc on the surface of epithelial cells instead (Marie and Petri, 

2014). 

Cysteine proteinases, which are nucleophilic proteolytic enzymes containing 

cysteine residues in the enzymatic domain,  have also been shown to be involved in E. 
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histolytica invasion as lysates of E. histolytica produced and released 10- to 1,000-fold 

more proteinases compared to noninvasive E. dispar(Que and Reed, 2000; Yang et al., 

2023). They play an important role in the parasite’s invasion by cleaving collagen, 

fibrinogen, laminin, and elastin, which are major components of extracellular matrix 

(Keene et al., 1986). They also degrade immunoglobulin A (IgA) as well as C3a and C5a 

anaphylatoxins to bypass host immune system (Reed et al., 1995). In addition, cysteine 

proteinases disrupt MUC2’s barrier function by cleaving the C-terminal domain of the 

mucin (Lidell et al., 2006). Fifty genes which could encode for cysteine proteinases have 

been identified in E. histolytica and EhCP1, EhCP2, and EhCP5 make up 90% of total 

proteinase activity in the axenic trophozoite culture (He et al., 2010). Silencing of EhCP5 

prevented invasion of epithelium by the parasite even though mucin proteins were 

degraded (Serrano-Luna et al., 2013). 

 

Symptoms, Diagnosis, and Treatments 

Individuals infected by E. histolytica can be asymptomatic carriers as trophozoites 

are confined to intestinal lumen (“CDC - DPDx - Amebiasis,” 2019). However, 

trophozoites can sometimes invade the mucosa, the inner-most layer of the 

gastrointestinal tract that surrounds the lumen, to cause amebiasis (Carrero et al., 2020). 

Common symptoms of amebiasis include abdominal pain, weight loss, and bloody 

diarrhea (Chou and Austin, 2023). Trophozoites can also enter the bloodstream and infect 

brain, lungs, and liver to cause amoebic liver abscess (ALA), which is fatal if left 

untreated (Carrero et al., 2020). Some common symptoms of ALA are fever and 
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abdominal pain (Chou and Austin, 2023). Patients with ALA also show leukocytosis 

(elevated white blood cell count) and high levels of alkaline phosphatase (Tanyuksel and 

Petri, 2003). Interestingly, patients with ALA often do not show any symptoms for 

amebiasis and show no sign of cysts and trophozoites in the stool (Stanley, 2003). Both 

amoebic brain abscess and pleuropulmonary amebiasis can occur along with ALA. 

Symptoms of amoebic brain abscess include headache, vomiting, and seizures, while 

patients with pleuropulmonary amebiasis show chest pain, cough, and respiratory 

distress. Since patients can develop pleuropulmonary amebiasis along with ALA, 

abscesses can sometimes rupture into the pericardium to cause cardiac tamponade (fatal 

drop in blood pressure) or pericarditis (shortness of breath and increase in heart beat) 

(Stanley, 2003). 

There are several methods of diagnosis for E. histolytica infection, one of which 

is examination of stool samples through a microscope (Tanyuksel and Petri, 2003). 

However, this method poses challenges due to poor sensitivity and the difficulty in 

morphologically distinguishing E. histolytica from other nonpathogenic Entamoeba 

species, such as E. dispar and E. moshkovskii (Tanyuksel and Petri, 2003). It is possible 

to distinguish E. histolytica from E. moshkovskii through culture methods due to E. 

moshkovskii having different growth characteristics, but there are still limitations, such as 

contamination in the samples with other species of Entamoeba, Iodamoeba, and 

Endolimax (“CDC - DPDx - Amebiasis,” 2019; Hamzah et al., 2006).  

Immunodiagnostic methods, such as enzyme-linked immunosorbent assay 

(ELISA), can be used to distinguish E. histolytica from E. dispar, however these methods 
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are not readily available in developing countries where infection is endemic (Stanley, 

2003). Antibody detection through blood test is useful for patients with ALA as cysts and 

trophozoites are not generally found in the stool sample (“CDC - DPDx - Amebiasis,” 

2019). However, this assay is not useful for patients from high endemic areas as they 

most likely have already been exposed to the parasite (Tanyuksel and Petri, 2003). 

Antigen detection methods and molecular methods such as PCR provide highest 

sensitivity and specificity, with the latter showing 92%-100% sensitivity and 89%-100% 

specificity (Chou and Austin, 2023). 

Infected individuals are typically treated with nitroimidazole derivative drugs, 

such as metronidazole and tinidazole, as they are highly effective against invading 

trophozoites (Shirley et al., 2018; Stanley, 2003). Metronidazole is typically used as it is 

more effective at clearing trophozoites, despite tinidazole having longer half-life and 

being better tolerated (Gonzales et al., 2019). High dose of metronidazole is required to 

reach the lumen of the colon as drug is generally absorbed in the small intestine and it is 

prone to degradation by the acidic pH of the stomach and various degradative enzymes 

(Oliveira et al., 2022; Pritt and Clark, 2008). However, there are side effects associated 

with metronidazole, such as nausea, headache, vomiting, and dry mouth (Petri, 2003). In 

addition, use of high concentration of metronidazole can produce off target effects, where 

high concentration of drugs are also found in the liver, kidney, and bladder (Dingsdag 

and Hunter, 2018). In mice and rats, administration of metronidazole for long period of 

time has found to be carcinogenic (“Metronidazole,” 2012). There has not been a report 

of clinical resistance to metronidazole yet, however successful induction of 
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metronidazole resistance in an axenic strain of E. histolytica has been shown 

(Samarawickrema, 1997). Demonstration of different drug sensitivity among E. 

histolytica strains as well as reports of metronidazole treatment failure indicate the 

possibility that E. histolytica might develop resistance to anti-amoebic drugs in the future 

(Bansal et al., 2004; Burchard and Mirelman, 1988). Nitroimidazole drugs are not 

effective against cysts, so luminal drugs such as paromomycin and diloxanide furoate 

must be used as well (Stanley, 2003). These luminal agents can also cause side effects 

such as diarrhea and nausea, so they should be administered to patients after they have 

gone through the nitroimidazole treatment (Shirley et al., 2018). 

Currently, there are no vaccines for amebiasis, although there are several potential 

targets for vaccine development. The first target is Gal lectin, which allows the parasite to 

adhere to the mucin layer (Quach et al., 2014). Gal lectin became the primary focus of 

vaccine development when a study involving Bangladeshi children revealed that presence 

of IgA Gal lectin specific antibodies correlated with 64% lower reinfection rates (Haque 

et al., 2001). Both native and recombinant Gal lectin vaccines showed protection against 

amebic colitis (AC) and ALA in the gerbil model (Petri and Ravdin, 1991; Quach et al., 

2014). Other vaccine targets include serine-rich E. histolytica protein (SREHP) and 29-

kDa antigen (Eh29), which play a role in adhesion and detoxification of reactive oxygen 

species secreted by the microflora or immune cells, respectively (Quach et al., 2014). 

Vaccines targeting these two proteins using several animal models, such as gerbil, mice, 

hamster, and guinea pig, demonstrated high protection against AC and ALA as well 

(Quach et al., 2014). Despite seeing success of vaccines using various animal models, 
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these animal models do not mimic the entire life cycle of E. histolytica (Tsutsumi and 

Shibayama, 2006). As such, clinical trials will need to be carried out to test efficacy in 

humans. 
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Energy Metabolism 

E. histolytica has unique aspects to its metabolism that differ from that of a 

typical eukaryotic organism. It is an amitochondriate protozoan parasite that lacks a 

functional citric acid cycle and oxidative phosphorylation (Clark et al., 2007). In addition, 

it is unable to synthesize purines, pyrimidines, and amino acids other than cysteine and 

serine (Loftus et al., 2005). Therefore, it has been presumed to rely on glycolysis as its 

major way of generating energy. However, E. histolytica encounters many different 

environments, such as nutrient deprivation, during invasion (Tovy et al., 2011). As a 

result, E. histolytica must obtain nutrients through the host or by other means to survive. 

E. histolytica is able to acquire nutrients, such as amino acids, carbohydrates, and 

lipids, through constitutive endocytosis (Marie and Petri, 2014; Meza and Clarke, 2004).   

It can take in fluids and small molecules through pinocytosis and when larger particles 

are present, it can phagocytose bacteria and other unicellular organisms (Meza and 

Clarke, 2004; Somlata and Bhattacharya, 2015). Phagocytosis has been shown to play an 

important role in pathogenesis as a phagocytosis-defective mutant cell line showed 

decreased virulence and growth defects (Somlata and Bhattacharya, 2015). The human 

gut microbiome is made up of numerous microbial species and the composition can vary 

from one person to another, and it has been shown that composition of the microbiota can 

affect pathogen behavior and virulence (Marie and Petri, 2014). Guinea pigs who were 

administered different species of bacteria four hours after amebic inoculation showed 

different percentages of amebic lesion development in the cecum as well as differences in 

mortality rate. Inoculation with Clostridium perfringens and Lactobacillus acidophilus 
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resulted in the highest percentage of guinea pigs that developed amebic lesions at 67%, 

while inoculation with Escherichia coli resulted in only 26% with lesions (Phillips and 

Gorstein, 1966). Another study showed that Lactobacillus ruminis was the most preferred 

bacterial species to be phagocytosed by E. histolytica (Iyer et al., 2019). Interestingly, a 

study involving patients from Cote d’Ivoire showed that intestinal parasites, such as E. 

histolytica and Blastocystis hominis, can induce alteration in the gut microbiota (Burgess 

et al., 2017). These results demonstrate the importance of interactions between E. 

histolytica and bacteria. 

Amino acid catabolism has been suggested as a means for E. histolytica to 

generate energy as it was shown that the parasite consumed several amino acids, such as 

asparagine and aspartate, both in the presence and absence of glucose (Coombs, 1991). In 

addition, phylogenetic analysis of E. histolytica genes related to amino acid catabolism 

suggests they have been acquired through lateral gene transfer (LGT) from bacteria 

(Loftus et al., 2005). The ability of other protists, such as G. lamblia, to degrade amino 

acids to use as a fuel also reinforces the idea that amino acid catabolism may be an 

important energy pathway in E. histolytica (Knodler et al., 1995). The presence of genes 

encoding fructokinase and galactokinase suggests that E. histolytica may be able to 

utilize other sugars such as fructose and galactose (Loftus et al., 2005).  

Glycogen metabolism is another way in which E. histolytica is able to adapt to 

low glucose environment, such as large intestine (Wesel and Ingram-Smith, 2023). 

Glycogen granules have been detected in trophozoites through electron microscopy and 

glycogen is thought to play a role in chitin synthesis (Rosenbaum and Wittner, 1970; 



 15 

Samanta and Ghosh, 2012). A recent study has shown that the cellular glycogen level was 

reduced when E. histolytica trophozoites were transferred from glucose-rich media to 

glucose-poor media. On the other hand, glycogen accumulation was observed going from 

glucose-poor media to glucose-rich media, suggesting that E. histolytica utilizes glycogen 

as a source of energy (Wesel and Ingram-Smith, 2023). 

 

Glycolytic Pathway 

Glycolysis is an important metabolic pathway that breaks down glucose to 

generate energy. Although the glycolytic pathway is present in E. histolytica, there are 

several differences compared to the typical eukaryotic glycolytic pathway (Figure 1.4). 

The conversion of fructose 6-phosphate to fructose 1,6-bisphosphate is catalyzed by 

inorganic pyrophosphate-dependent phosphofructokinase (PPi-PFK), instead of ATP-

dependent PFK (ATP-PFK) (Reeves et al., 1976). Since ATP is not consumed in this 

step, there is a net yield of three ATP molecules from glycolysis instead of the typical 

two. Another difference in this modified glycolysis is that the conversion of 

phosphoenolpyruvate to pyruvate is catalyzed by PPi-dependent pyruvate phosphate 

dikinase (PPDK) instead of pyruvate kinase (PK) (Reeves, 1968; Saavedra et al., 2005). 

PPi-dependent glycolytic pathway is also found in other bacteria, such as 

Propionibacterium shermanii (O’Brien et al., 1975) and Pseudomonas marina (Sawyer et 

al., 1977), and the anaerobic G. lamblia (Li and Phillips, 1995). 
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Figure 1.4. Glycolytic pathway comparison. The pathway on the left is the typical 

eukaryotic glycolytic pathway, while the pathway on the right is that of E. histolytica. 

Abbreviations: PGI (Phosphoglucose isomerase), PFK (Phosphofructokinase), GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase), PGK (Phosphoglycerate kinase), PGM 

(Phosphoglyceratemutase), PK (Pyruvate kinase), PPi-PFK (PPi-dependent 

Phosphofructokinase), PPDK (PPi-dependent pyruvate phosphate dikinase). 

 

In typical eukaryotes, pyruvate produced by glycolysis in the cytosol enters 

mitochondria and is converted to acetyl-CoA by pyruvate dehydrogenase complex 

(PDC). In contrast, PDC is replaced by pyruvate: ferredoxin oxidoreductase (PFOR) in 
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the extended glycolytic pathway of E. histolytica and the conversion of pyruvate to 

acetyl-CoA occurs in cytosol as mitochondria is absent (Lo and Reeves, 1978). Acetate 

and ethanol are the two major products from the extended pathway from acetyl-CoA 

(Figure 1.5) (Pineda et al., 2013). Acetate is generated from acetyl-CoA by ADP-forming 

acetyl-CoA synthetase (ACD), while ethanol is generated from the bifunctional aldehyde-

alcohol dehydrogenase (ADHE) (Reeves et al., 1977). Under aerobic conditions, it has 

been shown that acetate is the major product. In contrast, ethanol is the major product 

under anaerobic conditions (Pineda et al., 2013). 

 

 

Figure 1.5. The extended glycolytic pathway of E. histolytica. Abbreviations: PFOR 

(Pyruvate: ferredoxin oxidoreductase), ACD (ADP-forming acetyl-CoA synthetase), 

ADHE (bifunctional alcohol/ aldehyde dehydrogenase) 
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Phosphofructokinase 

PFK, the subject of this dissertation, is part of the phosphofructokinase B (PFKB) 

family of sugar kinases and catalyzes the phosphorylation of fructose 6-phosphate (F6P) 

to fructose 1,6-bisphosphate [Eq.1] (Park and Gupta, 2008; Wegener and Krause, 2002). 

Canonical PFK is highly regulated as conversion of F6P to fructose 1,6-bisphosphate is 

the first committed step of glycolysis. PFK is activated by AMP, ADP, and fructose 2,6-

bisphosphate and is inhibited by citrate and ATP. 

[Eq.1] PFK  F6P + ATP ⇌ Fructose 1,6-bisphosphate + ADP +H+ 

In E. histolytica, there are four putative PFK genes but only two have been 

characterized. EhPFK3 (EHI_103590) has been shown to be ATP-dependent, while 

EhPFK4 (EHI_000730) has been shown to be PPi-dependent (Chi et al., 2001). EhPFK1 

(EHI_187040) and EhPFK2 (EHI_163630) have not been characterized; however, both 

have high sequence identity with EhPFK3, suggesting they are ATP-dependent. A 

structure has not been determined for any EhPFK. 

Previously, the 48 kDa EhPFK3 was reported as PPi-dependent, however another 

group was unable to detect any PPi-PFK activity with this enzyme (Bruchhaus et al., 

1996; Chi et al., 2001). Chi et al. (Chi et al., 2001) found that recombinant EhPFK3 

enzyme only bound to N-6-aminohexylcarboxymethyl-ATP-Sepharose and Blue 

Sepharose, which are commonly used to purify various ATP-dependent PFKs (Kotlarz 

and Buc, 1981). Since the recombinant protein failed to bind to phosphocellulose, which 

is commonly used to purify PPi-PFKs, it was concluded that EhPFK3 uses ATP as the 

phosphoryl donor (Chi et al., 2001; Deng et al., 1998). Kinetic studies showed that 
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EhPFK3 requires a pre-incubation step with ATP as part of activation process. Without 

prior activation, Chi et al. (Chi et al., 2001) failed to detect any enzymatic activity in the 

assay. Size exclusion chromatography revealed that EhPFK3 exists as a dimer pre-

activation and forms a tetramer after activation (Chi et al., 2001). EhPFK3 showed 

cooperative kinetics with respect to F6P and it could not phosphorylate other sugars, such 

as glucose or mannose. Interestingly, EhPFK3 could utilize other nucleoside 

triphosphates (NTPs) as phosphoryl donors. No regulators other than 

phosphoenolpyruvate (PEP) were found, which inhibited PFK3 activity (Chi et al., 2001). 

The 60 kDa PPi-dependent EhPFK4 is a dimer and is the only known PPi-

dependent PFK in E. histolytica (Chi et al., 2001). Unlike EhPFK3, EhPFK4 is unable to 

utilize NTPs as phosphoryl donors. The mRNA levels for EhPFK4 are 10-fold higher 

than for EhPFK3 in trophozoite extract (Chi et al., 2001). If E. histolytica is presumed to 

rely on modified PPi-dependent glycolytic pathway to generate energy, then the source of 

PPi must be considered. Anabolic processes involving synthesis of glycogen, protein, and 

nucleic acids may provide adequate PPi for PFK (Reeves et al., 1976). Other possible 

sources could be from conversion of PEP to oxalacetate catalyzed by PEP carboxykinase 

(PEPCK) [Eq.2] or by PPi-dependent acetate kinase (PPi-ACK) [Eq. 3] (Reeves et al., 

1976).  

[Eq.2] PEPCK     PEP + Pi + CO2 ⇌ oxaloacetate + PPi  

[Eq.3] PPi-ACK  Acetyl Phosphate + Pi ⇌ Acetate + PPi
 

 EhPPi-ACK has been characterized shown to favor acetate/ PPi production 

(Fowler et al., 2012). However, a recent study has shown that ACK’s primary role may 
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be in maintaining the balance of NAD+/NADH during growth on glucose (Dang et al., 

2022). Interestingly, a site-directed mutagenesis study showed that making one amino 

acid substitution in the catalytic site changes EhPFK4’s preference from PPi to ATP. 

When the study was repeated using E. coli ATP-dependent PFK, a switch in substrate 

preference was not observed, although activity with ATP was lost (Chi and Kemp, 2000). 

 

ATP-Dependent PFKs in Prokaryotes 

Several bacterial ATP-dependent PFKs have been studied previously and one of 

the most studied PFK is from E. coli. A structure of E. coli PFK has been resolved using 

molecular replacement of the solved structure of Bacillus stearothermophilus PFK. The 

resulting structure is a homotetramer that is complexed with fructose 1,6-bisphosphate 

and ADP, which are its reaction products (Shirakihara and Evans, 1988). Each subunit of 

the enzyme is made up of two domains and three layers, in which a central β-sheet layer 

is sandwiched between two α-helices (Shirakihara and Evans, 1988). Kinetic analysis 

showed that it displays cooperative kinetics with respect to the F6P substrate, as shown 

by the sigmoidal curve. In contrast, kinetics analysis with respect to ATP revealed a 

hyperbolic curve that is indicative of Michaelis-Menten kinetics (Blangy et al., 1968). 

Unlike EhPFK3, E.coli PFK was unable to utilize other NTPs as phosphoryl donors, 

which was shown by higher Km values compared to ATP (Blangy et al., 1968). Residues 

important for NTP binding were identified and substitution of Arg at position 82 with 

either Ala or Glu led to decreased preference for ATP and increased preference for other 

NTPs (Wang and Kemp, 1999). E. coli PFK is activated by ADP and inhibited by PEP. 
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Both effectors bind at the same effector site and they both decreased the Hill coefficient 

by 3-fold, which showed that they also influenced the cooperativity of the enzyme in 

respect to F6P (Blangy et al., 1968; Shirakihara and Evans, 1988). 

PFKs from several Gram-positive bacteria have been characterized. B. 

stearothermophilus is a thermophile that causes flat sour spoilage in food and is used as a 

thermostable DNA polymerase and as a biological indicator for sterilization (Huesca‐

Espitia et al., 2016; Ito, 1981; Kotzekidou, 2014). Two structures of B. 

stearothermophilus PFK in an inactive T-state complexed with PEP and in an active R-

state complexed with F6P are available (Evans et al., 1997; Evans and Hudson, 1979). B. 

stearothermophilus PFK is a homotetramer and each subunit contains three binding sites. 

Two of these are binding sites for the F6P and ATP substrates and the third one is an 

allosteric effector binding site (Evans and Hudson, 1979). The kinetic characteristics of 

the B. stearothermophilus PFK are similar to those of E. coli PFK in that it also displays 

cooperative kinetics in respect to F6P but not to ATP, and is also regulated by ADP and 

PEP (Evans and Hudson, 1979). 

Lactobacillus acidophilus is an anaerobic microbe that has been shown to 

promote probiotic effect. Mice supplemented with L. acidophilus showed increased levels 

of other probiotic bacteria and another study has shown that L. acidophilus inhibits 

growth of Salmonella typhi, which causes typhoid fever (Abdel-Daim et al., 2013; 

Vemuri et al., 2022). Lactobacillus plantarum has also been shown to have a probiotic 

effect as well play a role in maintaining intestinal permeability and antioxidant activity 

(Ahrne and Hagslatt, 2011; Li et al., 2012). PFK from both bacteria are homotetramers, 
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however they showed significant differences in their kinetic and biochemical properties 

(Simon and Hofer, 1977). L. acidophilus PFK displayed cooperative kinetics with respect 

to F6P, just like the PFKs from E. coli and B. stearothermophilus. However, the L. 

planetarium PFK displayed Michaelis-Menten kinetics (Simon and Hofer, 1977). The 

enzymes also showed differences in the regulation of enzymatic activity. Although both 

enzymes were activated by NH4
+ ions, L. acidophilus PFK was activated by fructose 1,6-

bisphosphate, while L. plantarum PFK was not. Fructose 1,6-bisphosphate decreased the 

Hill coefficient by 3-fold, which was also observed for E. coli PFK (Blangy et al., 1968; 

Simon and Hofer, 1977). Both enzymes were inhibited by ADP, although L. plantarum 

PFK required a higher concentration of ADP for inhibition (Simon and Hofer, 1977). 

That PFKs from two very closely related organisms with similar energy metabolism, 

fermentation of glucose to lactate, have such notable differences in their kinetic 

properties suggest that important evolutionary events may have shaped these changes 

(Simon and Hofer, 1977). 

 

ATP-Dependent PFKs in Eukaryotes 

Many eukaryotic ATP-dependent PFKs from eukaryotes have also been 

characterized, the most notable of which is the PFK from Trypanosoma brucei, the 

causative agent of African sleeping sickness that is fatal if left untreated (Stich et al., 

2002). A structure of T. brucei PFK with ATP bound has been solved (Figure 1.6) 

(McNae et al., 2009). There is an embracing arm that is part of Domain A, which plays a 

role in linkage with other subunits. Residues involved in ATP binding are located in 
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Domain B and a large inserted loop is located in Domain C, which makes up part of the 

active site. Compared to structures of other known ATP-dependent PFKs, the large 

inserted loop as well as the C-terminal extension seems to be unique to T. brucei (McNae 

et al., 2009).  
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Figure 1.6. Structure of T. brucei PFK with Mg-ATP complex. Single subunit of the 

tetramer is shown in a cartoon representation. Different domains (Domain A, B, and C) 

are color coded differently. Figure obtained from McNae et al., 2009. DOI: 

10.1016/j.jmb.2008.11.047. Permission granted from Elsevier and Copyright Clearance 

Center’s RightsLink service. 
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Kinetic characterization showed that the enzyme displays cooperative kinetics 

with respect to both substrates, F6P and ATP (Fernandes et al., 2020). Interestingly, an 

earlier study showed that AMP and ADP are activators and PEP is an inhibitor of T. 

brucei PFK, while a more recent study identified AMP as the sole regulator (Cronin and 

Tipton, 1985; Fernandes et al., 2020). Although T. brucei PFK can utilize GTP as a 

phosphoryl donor, the physiological significance is probably low as total cellular 

concentration of GTP is much lower than ATP (Graven et al., 2014). That T. brucei PFK 

uses ATP instead of PPi as a phosphoryl donor despite sequence comparison showing 

closer relationship to the PPi-dependent family suggests an evolutionary change in 

phosphoryl donor specificity (McNae et al., 2009; Michels et al., 1997). Kinetic 

characterization of PFK from Trypanosoma cruzi, a parasite that causes Chagas disease, 

revealed several similarities and differences with T. brucei PFK. T. cruzi PFK is also a 

tetramer that can be activated by AMP and can utilize GTP as a phosphoryl donor. 

However, it only displayed cooperative kinetics in respect to F6P, unlike the T. brucei 

PFK for which cooperative kinetics was observed with both substrates (Fernandes et al., 

2020, 2016). 

 Kinetic characterization of the PFK from Setaria cervi, a bovine filarial parasite, 

has also been performed. S. cervi PFK showed a Michaelis-Menten type hyperbolic curve 

in respect to both F6P and ATP; however, the curve shifted to a sigmoidal shape in 

respect to F6P at the inhibitory concentration of ATP (Sharma, 2011). Testing activity 

with different divalent cations showed that this enzyme displays highest activity with 
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Mg2+ and lower activity with Ca2+ and Mn2+ (Sharma, 2011). PEP inhibits the enzymatic 

activity, and no activators has been identified (Sharma, 2011). 

PFK from the budding yeast Saccharomyces cerevisiae has an unusual structure 

of a hetero-octamer that is made up of four α-subunits and four β-subunits, unlike the 

homotetramer structures discussed previously for the other PFKs (Kricke et al., 1999). A 

kinetics study has shown that this PFK only displays cooperative kinetics in respect to 

F6P. It is activated by AMP, ADP, and fructose 2,6-bisphosphate, while inhibited by 

ATP and citrate (Kessler et al., 1982; McNae et al., 2009). 

 

PPi-Dependent PFKs 

 There are bacteria with PPi-dependent PFK, such as the Gram-negative 

Porphyromonas gingivalis. P. gingivalis is associated with oral inflammatory infections 

as it is found in oral cavity (How et al., 2016). This enzyme displayed Michaelis-Menten 

kinetics with respect to both substrates and no effectors were reported (Arimoto et al., 

2002). As this bacterium does not utilize sugars as an energy source, not much known is 

about its glucose metabolism or the role of PPi-dependent PFK (Arimoto et al., 2002). 

One possible role for this enzyme is in gluconeogenesis by acting as a fructose 1,6-

bisphosphatase, which has been proposed for PPi-dependent PFK enzyme in another 

bacteria Amycolatopsis methanolica (Alves et al., 1994).  

Plants have both ATP-dependent and PPi-dependent PFKs and PPi is thought to 

act as an alternate source for phosphorylation when ATP level is low (Mustroph et al., 

2013). Other proposed roles of PPi-dependent PFK are in maintaining equilibrium of 
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hexose and triose phosphates (Carlisle et al., 1990). The PPi-dependent PFK from 

Solanum tuberosum (potato) is a heterotetrameric protein composed of two α- and two β-

subunits (Carlisle et al., 1990). The α-subunits are thought to be involved in regulation by 

fructose 2,6-bisphosphate, while the β-subunits are thought to be involved in the active 

site (Cheng and Tao, 1990; Yan and Tao, 1984). Kinetic characterization showed that S. 

tuberosum PFK displays cooperative kinetics with respect to F6P, but Michaelis-Menten 

kinetics with respect to PPi. Fructose 2,6-bisphosphate activated the enzyme and the 

sigmoidal curve with respect to F6P became hyperbolic in the presence of activators (Van 

Schaftingen et al., 1982). 

G. lamblia is a flagellated protozoan parasite that causes diarrheal disease 

giardiasis (Hooshyar et al., 2019). G. lamblia PFK displayed Michaelis-Menten kinetics 

in respect to both substrates F6P and PPi and HPLC gel filtration showed that this 

enzyme is a monomer (Li and Phillips, 1995). Known effectors of PFK activity identified 

in other organisms, such as fructose 2,6-bisphosphate and AMP, were found not to 

influence G. lamblia PFK activity. In addition, NTPS, including ATP, could not replace 

PPi as a phosphoryl donor (Li and Phillips, 1995). PPi-dependent PFK from Naegleria 

fowleri, commonly known as brain eating amoeba, has also been characterized 

biochemically (Mertens et al., 1993). Enzymatic characterization revealed a hyperbolic 

curve for both substrates and no other effectors were identified except AMP as a potent 

activator (Mertens et al., 1993). Size exclusion chromatography showed that this enzyme 

has an inactive monomer form as well as an active tetramer form. The role of PPi-PFK in 

N. fowleri is uncertain as this amoeba mainly obtains nutrients through ingestion of 
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bacteria and it has been shown that there is little utilization of glucose (Mertens et al., 

1993; Weik and John, 1977). What is known about the characterized PFKs is summarized 

in Table 1.1. 

 

Characterized PFKs in Prokaryotes and Eukaryotes 

Organism Phosphoryl 

Donor 

Activator Inhibitor 

E. coli ATP ADP PEP 

B. stearothermophilus ATP ADP PEP 

L. acidophilus ATP ND Fructose 1,6-

bisphosphate 

L. plantarum ATP ND ND 

T. brucei ATP AMP ND 

T. cruzi ATP AMP ND 

S. cervi ATP ND PEP 

S. cerevisiae ATP AMP, ADP,  

Fructose 2,6-bisphosphate 

ATP, citrate 

P. gingivalis PPi ND ND 

S. tuberosum PPi Fructose 2,6-bisphosphate ND 

G. lamblia PPi ND ND 

N. fowleri PPi ND ND 

 

Table 1.1. Characterized PFKs from various organisms with phosphoryl donor and 

effectors shown. ND = not detected. 
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CHAPTER II 

KINETIC CHARACTERIZATION OF THE PHOSPHOFRUCTOKINASE 

ENZYMES IN ENTAMOEBA HISTOLYTICA 

Abstract 

Entamoeba histolytica is the causative agent of amebiasis and liver abscess. This 

pathogenic protist lacks enzymes for many common metabolic pathways including the 

TCA cycle and oxidative phosphorylation. As a result, E. histolytica is thought to rely on 

its modified PPi-dependent glycolytic pathway to generate ATP. Phosphofructokinase 

(PFK), which catalyzes the conversion of fructose 6-phosphate (F6P) to fructose 1,6-

bisphosphate, is a central enzyme in this pathway. However, there are four putative PFK 

genes in the genome. One encodes a PPi-dependent enzyme that is considered to be the 

major player during glycolysis. The other three PFKs are thought to encode ATP-

dependent enzymes by sequence identity, and whose roles have not yet been defined. I 

purified and kinetically characterized two recombinant PFK enzymes, EhPFK2 and 

EhPFK3. Both enzymes were shown to be ATP-dependent and both displayed 

cooperative kinetics instead of Michaelis-Menten kinetics with respect to F6P and ATP. 

Kinetic analysis showed that EhPFK2 is more efficient enzyme than EhPFK3. The two 

enzymes displayed differences in their utilization of nucleoside triphosphates and 

divalent metal cofactors. My kinetic characterization of these two isozymes suggest that 

ATP-dependent PFKs may play different roles in energy metabolism compared to PPi-

dependent PFK. 
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Introduction 

Entamoeba histolytica is a protozoan that causes amoebic dysentery and amoebic 

liver abscess. It infects over 100 million people worldwide and causes up to 100,000 

deaths per year (World Health Organization, 2015). It is endemic in developing countries 

due to poor sanitary practices (Stanley, 2003). Although treatments, such as 

metronidazole and paromomycin, are available, there are side effects associated with 

these drugs (Carrero et al., 2020). To overcome poor efficacy as well as various side 

effects, new drugs and treatments need to be developed. 

E. histolytica has two stage life cycle in which transmission begins when dormant 

cysts are shed into the environment from the host (Wesel et al., 2021). Cysts undergo 

excystation to infectious trophozoites in the small intestine upon ingestion of 

contaminated food or water. Then, trophozoites colonize the large intestine and undergo 

encystation to cysts (Stanley, 2003; Wesel et al., 2021). The life cycle continues as both 

cysts and trophozoites are shed into the environment (Huston et al., 1999). 

This amitochondriate parasite is different from other typical eukaryotic organisms 

in that it lacks many common metabolic pathways. It also lacks pathways for purine and 

pyrimidine biosynthesis as well as for many amino acids (Loftus et al., 2005), and relies 

on obtaining many of these building blocks from its environment, often by phagocytosis 

of other cells (Somlata and Bhattacharya, 2015). It lacks enzymes for citric acid cycle and 

oxidative phosphorylation (Clark et al., 2007). As a result, E. histolytica is presumed to 

rely on a modified PPi-dependent glycolytic pathway to generate ATP (Bruchhaus et al., 

1996; Reeves et al., 1976). Use of a PPi-dependent phosphofructokinase (PPi-PFK) 



 42 

instead of an ATP-dependent PFK (ATP-PFK) to convert fructose 6-phosphate (F6P) to 

fructose 1,6-bisphosphate (F1,6BP) leads to production of three ATP per pyruvate 

(Reeves, 1976). 

The E. histolytica genome has multiple genes encoding several glycolytic 

enzymes, including hexokinase (HXK), PFK, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), and pyruvate phosphate dikinase (PPDK). Of the four putative PFK genes, 

only two have been characterized previously. PFK3 (EHI_103590) has been shown to be 

an ATP-utilizing enzyme, while PFK4 (EHI_000730) has been shown to be PPi-

dependent (Chi et al., 2001). Although PFK1 (EHI_187040) and PFK2 (EHI_163630) 

have not been characterized, they are thought to be ATP-dependent as they share high 

identity with PFK3. The presence of multiple ATP-dependent PFKs, despite modified 

PPi-PFK glycolytic pathway seen as the key energy pathway, raises the possibility that 

these ATP-dependent PFKs could have other functions. In addition, RNA-seq data from 

reptile parasite Entamoeba invadens showed upregulation of one of the two ATP-PFK 

during excystation, which suggests there could be a switching mechanism between 

different PFK enzymes (Ehrenkaufer et al., 2013). 

I produced and characterized recombinant EhPFK2 and EhPFK3 to understand 

the differences between these isozymes. My results show that both EhPFK2 and EhPFK3 

are ATP-dependent enzymes that cannot utilize PPi as a phosphoryl donor. Both enzymes 

displayed positive cooperativity for both F6P and ATP, but differences in other kinetic 

parameters indicate that EhPFK2 is the more efficient enzyme. They also showed 

differences in the utilization of other phosphate donors as well as divalent cation 
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cofactors. The kinetic differences observed between EhPFK2 and EhPFK3 and that they 

are ATP-dependent enzymes suggest that they may be playing different roles in the 

metabolism from the PPi-dependent PFK4, but their exact role is unknown and will 

require further investigation into their regulation and analyzing their structures. 
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Materials and Methods 

Chemicals and reagents 
 

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Gold 

Biotechnology. Coupling enzymes, aldolase (A8811) and α-Glycerophosphate 

dehydrogenase-Triosephosphate Isomerase (G1881), were purchased from Sigma-

Aldrich. Codon optimized E. histolytica PFK2 and PFK3 were synthesized by GenScript 

and cloned into pET21b expression vector with 10-His tags on the C-terminal for nickel 

affinity column purification. 

 

Protein production and purification 

 The recombinant plasmids pET21b-PFK2 and pET21b-PFK3 were transformed 

into E. coli RosettaBlueTM (DE3) pLysS. Cells were grown in Luria-Bertani (LB) 

medium with 50 µg/mL of ampicillin and 34 µg/mL of chloramphenicol shaking at 200 

rpm at 37°C until an absorbance at 600 nm of ~0.8. To induce protein expression, 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 

mM. Cells were grown at 25°C for an additional 16-18 hours at 200 rpm. Cells were then 

harvested via centrifugation and stored at -80°C prior to protein purification. 

 Cell extract was prepared by resuspending the cells in buffer A (25 mM Tris-HCl, 

150 mM NaCl, and 10% glycerol [pH 7.0]) and passing the suspension twice through a 

French pressure cell at approximately 1300 psi. Cell extracts were first clarified at 12,000 

x g for 20 minutes at 4°C and then by ultracentrifugation at 140,000 x g for two hours at 

4°C. Extracts were subjected to column chromatography using an AKTA fast protein 
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liquid chromatography apparatus (GE Healthcare). Cell extracts were applied to a 5 mL 

HisTrap HP column (GE Healthcare). After washing the column with five column 

volumes of buffer A, it was developed with a linear gradient from 20 mM to 500 mM 

imidazole in buffer A. Appropriate fractions determined to contain PFK2 and PFK3 were 

collected and dialyzed overnight in buffer containing 25 mM Tris-HCl and 10% glycerol. 

Aliquots of purified protein were stored at -80°C. SDS-PAGE was used to check the 

purity of the proteins. Concentrations were determined using the Bio-Rad protein assay 

based on the Bradford dye-binding method with bovine serum albumin as the standard. 

 

Enzyme assay 

 PFK enzymatic activity was determined spectrophotometrically at 340 nm by 

using a four-step coupled assay (Eq.1). In the first step of the coupled assay, F6P is 

converted to F1,6BP by PFK. In the second step, aldolase converts F1,6BP to 

glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP). In the 

third step, GAP is converted to DHAP through triosephosphate isomerase (TPI). In the 

last step, NADH is oxidized to NAD+, which can be measured at 340 nm. Reaction 

mixture contained 100 mM Tris-HCl [pH 7.0], 3 mM MgCl2, 1 mM NADH, 2 units of 

auxiliary enzymes (aldolase, GDH, and TPI), and varying concentrations of the substrates 

(ATP and F6P). Reactions were pre-warmed to 37°C in a 96-well plate before reactions 

were initiated by addition of EhPFK2 or EhPFK3. The concentration of one substrate was 

varied, while the concentration of the other substrate was held constant at a saturating 

level. The saturating concentrations of F6P were 15 mM and 20 mM for EhPFK2 and 
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EhPFK3 respectively. The saturating concentrations of ATP were 1.5 mM and 2 mM for 

EhPFK2 and EhPFK3 respectively. Kinetic parameters were determined by fitting the 

data to the Michaelis-Menten equation (V0 = V[S]/Km + [S]) or the Hill equation (V0 = V 

+ [S]h/K0.5
h + [S]h), in which V0 is the initial velocity, [S] is the substrate concentration, 

V is maximum velocity, K0.5 is the substrate concentration at the half-maximal velocity, 

and h is the Hill constant. Data were plotted using GraphPad Prism 5 software. 

[Eq.1] Step 1: PFK  F6P + ATP → F1,6BP + ADP + H+
 

           Step 2: Aldolase F1,6BP → GAP + DHAP 

           Step 3: TPI  GAP → DHAP 

           Step 4: GDH  2 DHAP + 2 NADH + 2H+ → 2 glycerol 3-phosphate + 2 NAD+ 

 To test other nucleoside triphosphates (NTP) as possible phosphoryl donors, the 

same reaction mixture and conditions were used except ATP was substituted with other 

NTPs. To test other divalent cations as possible cofactors for EhPFK2 and EhPFK3, 

magnesium was substituted with other divalent cations and activity with magnesium was 

set as 100% activity.  
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Results 

E. histolytica has four phosphofructokinase isozymes 

In E. histolytica, four genes encoding putative PFKs have been identified (Table 

2.1). Comparison of their deduced amino acid sequences revealed that EhPFK1 

(EHI_187040) and EhPFK2 (EHI_163630) share 97% identity, differing only in 12 

amino acids out of 439 amino acids total. EhPFK3 (EHI_103590) shares 75% identity 

with both EhPFK1 and EhPFK2. EhPFK4 (EHI_000730), the largest of the four isozymes 

and the only known PPi-dependent PFK, shares less than 30% identity with the other 

three EhPFKs. EhPFK3 has been shown to be an ATP-dependent enzyme, but a full 

characterization has not been performed, and neither EhPFK1 nor EhPFK2 have been 

characterized (Chi et al., 2001). Based on the high sequence conservation among these 

three isozymes (Figure 2.1), I propose that all three are ATP-dependent. I have purified 

recombinant EhPFK2 and EhPFK3 and kinetically characterized both. Since EhPFK1 and 

EhPFK2 are nearly identical, I focused on characterizing EhPFK2 and EhPFK3 and 

comparing them as I did not expect to see much difference between EhPFK1 and 

EhPFK2. 
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Sequence Identity Between Phosphofructokinase Isozymes 

Enzyme Gene Locus Size PFK1 PFK2 PFK3 

PFK1 EHI_187040 439 aa (48 kDa) - 97% 75% 

PFK2 EHI_163630 439 aa (48 kDa) 97% - 75% 

PFK3 EHI_103590 439 aa (48 kDa) 75% 75% - 

PFK4 EHI_000730 546 aa (60 kDa) < 30% 

 

Table 2.1. Comparison of E. histolytica PFK protein sequences. 

 

 
 



 49 

Figure 2.1. Multiple sequence alignment of E. histolytica PFK isozymes. Amino acid 

sequences of PFKs from E. histolytica were aligned using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) using the default parameters. Completely 

conserved residues are indicated by an asterisk (*), highly conserved residues are 

indicated by a colon (:), and less highly conserved residues are indicated by a period (.). 

 

Kinetic analysis of recombinant E. histolytica PFK2 and PFK3 

 Recombinant EhPFK2 and EhPFK3 were produced in E. coli and purified by 

nickel affinity chromatography. SDS-PAGE analysis showed purified proteins with high 

purity with approximate size of 50 kDa, which corresponds well with calculated 

molecular masses of 48 kDa (Figure 2.2). 

 

 

Figure 2.2. SDS-PAGE analysis of purified E. histolytica PFK2 and PFK3. 

Recombinant EhPFK2 and EhPFK3 were separated by SDS-PAGE. Protein molecular 

weight markers are shown on the left side of the image with sizes shown in kDa.   

PFK2 PFK3 

50 

75 

100 

35 
25 
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 Kinetic parameters for EhPFK2 and EhPFK3 were determined by varying the 

concentration of one substrate (F6P or ATP), while the concentration of the other 

substrate was held at a constant saturating level. The curves for both EhPFK2 and 

EhPFK3 were sigmoidal, not hyperbolic as you would expect from Michaelis-Menten 

kinetics (Figure 2.3). Both enzymes displayed cooperative kinetics with respect to F6P 

and ATP as indicated by the Hill coefficient values (nH) (Table 2.2). EhPFK2 showed a 

4-fold lower K0.5 with respect to F6P and a 2-fold lower K0.5 with respect to ATP 

compared to EhPFK3. Lower K0.5 indicates higher affinity for the substrates, so EhPFK2 

has higher substrate affinities compared to EhPFK3. In terms of the turnover number 

(kcat), EhPFK2 exhibited a 6-fold higher kcat compared to EhPFK3. Furthermore, EhPFK2 

displayed much higher catalytic efficiency (kcat/K0.5) with both substrates compared to 

EhPFK3, suggesting that EhPFK2 is more efficient enzyme. 
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Figure 2.3. Sigmoidal curves of EhPFK2 and EhPFK3. A: EhPFK2 curve generated at 

varying concentration of F6P at 1.5 mM ATP B: EhPFK2 curve generated at varying 

concentration of ATP at 15 mM F6P. C: EhPFK3 curve generated at varying 

concentration of F6P at 2 mM ATP D: EhPFK3 curve generated at varying concentration 

of ATP at 20 mM F6P. 

 

 

A.  EhPFK2 F6P Curve B. EhPFK2 ATP Curve 

C. EhPFK3 F6P Curve D. EhPFK3 ATP Curve 



 52 

Kinetic Parameters with F6P and ATP as Substrates 

 PFK2 PFK3 

F6P K0.5 (mM) 1.8 ± 0.1 8.0 ± 0.4 

ATP K0.5 (mM) 0.28 ± 0.01 0.63 ± 0.01 

F6P nH 1.6 ± 0.1 2.7 ± 0.3 

ATP nH 1.6 ± 0.1 3.1 ± 0.7 

F6P kcat (s-1) 90.8 ± 1.3 14.3 ± 0.3 

ATP kcat (s-1) 70.3 ± 0.5 16.2 ± 0.3 

F6P kcat/K0.5 (mM-1s-1) 50.5 ± 0.8 1.78 ± 0.03 

ATP kcat/K0.5 (mM-1s-1) 251.0 ± 1.8 25.6 ± 0.4 

 

Table 2.2. Kinetic parameters of E. histolytica PFK2 and PFK3. Enzymatic activity 

was measured by keeping one of the substrates at saturating level while varying the 

concentration of the other substrate from low to high concentrations. Kinetic parameters 

were calculated by fitting the data into GraphPad Prism 5 software. 

 

E. histolytica PFK2 and PFK3 are ATP-dependent enzymes and they differ in 

utilization of other nucleoside triphosphates as phosphoryl donors 

 To determine whether both EhPFK2 and EhPFK3 were ATP-dependent and not 

PPi-dependent enzymes, enzymatic activity was measured using PPi as the phosphoryl 

donor. No activity was observed with PPi concentrations up to 3 mM, suggesting that 

EhPFK2 and EhPFK3 are indeed ATP utilizing enzymes (Figure 2.4). 
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A. EhPFK2 

 
 
B. EhPFK3 
 

 
 

Figure 2.4. Utilization of PPi as a phosphoryl donor by E. histolytica PFK2 and 

PFK3. A: EhPFK2 B: EhPFK3. 1 mM PPi and 3 mM PPi was tested as substrates and 

activity was determined. Activity was normalized to that observed with 1 mM ATP, 

which was set at 100%. All assays were performed in triplicate and error bars represent 

standard deviation. 
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 To determine if EhPFK2 and EhPFK3 can use other NTPs as phosphoryl donors, 

kinetic parameters were determined with GTP, UTP, or CTP in place of ATP (Table 2.3). 

EhPFK2 was able to utilize all NTPs tested, while EhPFK3 could only use GTP as the 

phosphoryl donor in place of ATP. Interestingly, EhPFK2 appears to slightly prefer GTP 

over ATP as a substrate as indicated by lower K0.5 and higher catalytic efficiency. GTP 

showed a 3-fold lower K0.5 and 3-fold higher catalytic efficiency compared to ATP. CTP 

also showed lower K0.5 and higher catalytic efficiency compared to ATP; however, the 

result was not as pronounced as GTP. 
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Kinetic Parameters for NTPs for EhPFK2 and EhPFK3 

Phosphoryl 

Donor 

K0.5  

(mM) 

F6P K0.5 

(mM) 

kcat  

(s-1) 

kcat/K0.5  

(mM-1s-1) 

EhPFK2 

ATP 0.28 ± 0.01 1.8 ± 0.1 70.3 ± 0.5 251.0 ± 1.8 

GTP 0.11 ± 0.01 0.97 ± 0.19 85 ± 4 776 ± 35 

UTP 0.53 ± 0.02 4.8 ± 0.7 100 ± 2 188 ± 4 

CTP 0.28 ± 0.02 3.2 ± 0.02 89 ± 3 319 ± 10 

 

EhPFK3 

ATP 0.63 ± 0.01 8.0 ± 0.4 16.2 ± 0.3 25.6 ± 0.4 

GTP 0.40 ± 0.06 9.7 ± 0.6 14 ± 1 35 ± 2 

UTP ND ND ND ND 

CTP ND ND ND ND 

 

Table 2.3. Kinetic parameters of E. histolytica PFK2 and PFK3 with other NTPs as 

phosphoryl donor. Enzymatic activity was measured by keeping one of the substrates at 

saturating level, while varying the concentration of the other substrate from low to high 

concentrations. Kinetic parameters were calculated by fitting the data with GraphPad 

Prism 5 software. ND = not detected. 

 

Utilization of other divalent cations as cofactors 

 The effects of other divalent cations on the activity of EhPFK2 and EhPFK3 were 

determined (Figure 2.5). For EhPFK2, the strongest activity was observed with Mg2+ and 

Mn2+ was the only other divalent cation that gave substantial activity, with ~30% that 
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observed with Mg2+. Minimal activity was observed with Ca2+, Co2+, or Ni2+. For 

EhPFK3, ~30% activity was observed with Mn2+ and ~15% with Ca2+. Less than 10% 

activity was observed with Co2+ or Ni2+ (Figure 2.5). 

 

 

 

 

 

A. EhPFK2 

B. EhPFK3 
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Figure 2.5. Utilization of divalent cations by E. histolytica PFK2 and PFK3. A: 

EhPFK2 B: EhPFK3. Magnesium was substituted with various divalent cations at 3 mM 

and activity was determined. Activity was normalized to that observed with magnesium, 

which was set at 100%. All assays were performed in triplicate and error bars represent 

standard deviation. 
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Discussion 

Although PPi-dependent EhPFK4 is thought to be the major player in energy 

metabolism as part of the PPi-dependent glycolytic pathway, the presence of three genes 

encoding ATP-dependent PFK in the E. histolytica genome suggests ATP-dependent 

PFK plays an important role in E. histolytica metabolism. EhPFK1 and 2 are 99% 

identical and presumably have similar kinetic and substrate profiles. EhPFK3 is only 75% 

identical to PFK1 and PFK2, and distinct differences were observed between the kinetic 

characteristics of PFK2 and PFK3.  

Kinetic characterization of recombinant EhPFK2 and EhPFK3 showed that both 

enzymes are ATP-dependent and display cooperative kinetics with respect to F6P and 

ATP. The Hill coefficient value describes cooperativity and values greater than 1 suggest 

positive cooperativity in which binding of one substrate to the enzyme increases the 

affinity for other substrates to bind. Hill coefficient values for EhPFK2 were 1.6 for both 

substrates. For EhPFK3, Hill coefficient values were 2.7 and 3.1 for F6P and ATP 

respectively. EhPFK3 had a 2-fold higher Hill coefficient values for both substrates 

compared to EhPFK2, which suggests that EhPFK3 display higher cooperativity for 

binding of the substrates. EhPFK2 showed lower K0.5 for both substrates compared to 

EhPFK3, which suggests that EhPFK2 has higher affinity for both ATP and F6P. 

EhPFK2 also showed higher kcat and catalytic efficiency compared to EhPFK3. Overall, 

kinetics data suggests that EhPFK2 is a more efficient enzyme compared to EhPFK3. 

Comparing our results for EhPFK3 with those by Chi et al. reveals similarities 

and differences in kinetic parameters (Chi et al., 2001). Chi et al. found that PFK3 
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exhibited cooperativity for F6P with a Hill coefficient of 2.3, but it displayed Michaelis-

Menten kinetics with ATP. They observed a K0.5 for F6P of 3.8 mM, 2 times lower than 

observed in this study. Likewise, they observed a lower K0.5 for ATP of 0.12 mM, which 

was 5 times lower than observed here. Interestingly, the results of Chi et al. for PFK3 are 

more comparable to our results for EhPFK2. One very interesting difference between this 

study and that of Chi et al. is that they had to preincubate the enzyme with ATP for 30 

minutes before the assay. Without the activation step, they could not detect any activity 

with PFK3 enzyme even if ATP concentration was high in the reaction mixture (Chi et 

al., 2001). In contrast, our purified EhPFK3 did not require any activation step. These 

differences I observed could be attributed to variance in the purification steps and assay 

conditions. For example, Chi et al. used N-terminal His-tags and carried out enzyme 

assays in 30°C, while I used C-terminal His-tags and performed enzyme assays at 37°C 

(Chi et al., 2001).  

EhPFK1, PFK2, and PFK3 share high sequence identity with ATP-dependent 

PFKs but low sequence identity with the PPi-dependent EhPFK4, suggesting they are 

ATP-dependent enzymes. However, both ATP-dependent and PPi-dependent activities 

were previously reported for PFK3 (Bruchhaus et al., 1996; Chi et al., 2001) and neither 

PFK1 nor PFK2 had been characterized, leaving unresolved whether these enzymes 

utilize ATP, PPi, or both as the phosphoryl donor substrate. I demonstrated that both 

PFK2 and PFK3 utilize ATP but cannot use PPi as a substrate. 

As previous site-directed mutagenesis study on EhPFK4 showed that it was able 

to utilize other NTPS, I tested GTP, UTP, and CTP as phosphoryl donors for EhPFK2 
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and EhPFK3 (Chi and Kemp, 2000). Interestingly, I observed that both EhPFK2 and 

EhPFK3 can use other NTPs, but the substrate range differs. EhPFK2 uses GTP, UTP, 

and CTP, while EhPFK3 can only utilize GTP. ATP and GTP are purines with two rings, 

while UTP and CTP are pyrimidines with one ring. This suggests there are fundamental 

differences in the NTP binding pocket between the two enzymes.  

The EhPFK2 NTP binding pocket has less specificity and is able to bind both 

purines and pyrimidines. In contrast, NTP binding in EhPFK3 is more specific such that 

only the larger purine structure is accommodated, suggesting that important interactions 

occur between the active site and both ring structures of purines whereas PFK2 may 

require more limited interactions. Interestingly, GTP appears to be the preferred substrate 

over ATP for EhPFK2 as shown by lower K0.5 and higher catalytic efficiency. However, 

this may not be relevant physiologically where the intracellular concentration of GTP is 

about 1,000 lower than that of ATP (Zala et al., 2017). Divalent cation study showed 

differences in utilization of metal ion cofactors, although magnesium still showed highest 

activity with both enzymes. 

The presence of three ATP-dependent PFKs and the differences between them 

raised the question of their roles in E. histolytica metabolism. E. invadens, the reptile 

parasite which has served as the model for studying Entamoeba stage conversion 

(Ehrenkaufer et al., 2013), has three putative PFKs, one PPi-dependent PFK 

(EIN_344630) and two ATP-dependent PFKs (EIN_053990 and EIN_080900). One of 

the putative ATP-dependent PFKs shows high identity to EhPFK1 and EhPFK2 and the 

other shows high identity to EhPFK3. Transcriptomics data from E. invadens revealed 
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that transcript levels for one of the two ATP-dependent PFK genes, for which the 

encoded protein shows strongest identity to EhPFK1/2, increased 230-fold during 

excystation, while transcript levels for the PPi-dependent PFK gene strongly decreased 

levels during encystation (Ehrenkaufer et al., 2013). This suggests that the isozymes play 

different physiological roles and that there may be a switching mechanism between 

different PFKs in E. histolytica depending on the life cycle stage and the environment 

that the parasite encounters. 
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Conclusions 

Our results demonstrate that PFK2 and PFK3 from E. histolytica are indeed ATP-

dependent enzymes. Kinetics data suggest that EhPFK2 is the stronger enzyme, with both 

higher affinity for both substrates and turnover rate. Although they are 75% identical at 

the amino acid level, they show differences in their kinetic parameters as well as 

utilization of other NTPs and divalent cations. The presence of multiple genes encoding 

ATP-dependent PFKs in the E. histolytica genome and different kinetic characteristics 

between the enzymes suggest that they may play other roles in energy metabolism or be 

required under different conditions. As for E. invadens, expression of the different ATP-

dependent PFK genes may change depending on the environment or the life stage. 

Further investigation into the kinetic characteristic of these enzymes, including regulation 

by allosteric effectors as well as structural modeling, will provide insight into the 

function of these enzymes and potential roles in metabolic regulation.  
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CHAPTER III 

REGULATION AND MODELING OF THE PHOSPHOFRUCTOKINASE 

ENZYMES IN ENTAMOEBA HISTOLYTICA 

Abstract 

Entamoeba histolytica is a water- and food-borne intestinal parasite that causes 

amoebiasis and liver abscess and causes symptomatic disease in 100 million people each 

year leading to ~100,000 deaths. This amitochondriate parasite lacks many metabolic 

pathways including the tricarboxylic acid cycle and oxidative phosphorylation, and 

cannot synthesize purines, pyrimidines, or most amino acids. As a result, E. histolytica is 

presumed to rely on its modified pyrophosphate (PPi)-dependent glycolytic pathway for 

ATP production during growth on glucose. However, the E. histolytica genome encodes 

four putative phosphofructokinases (PFK), one of which is PPi-dependent and the other 

three of which are ATP-dependent. I have produced and purified two recombinant ATP-

PFKs (designated as PFK2 and 3) to analyze how they are regulated. Various ligands 

such as AMP that have been shown to regulate PFKs in other organisms have been tested 

to analyze their effects on E. histolytica PFK activities. Specifically, I have identified 

AMP, ADP, and CoA as activators and phosphoenolpyruvate (PEP), PPi, and citrate as 

inhibitors, with CoA being the most potent activator and PEP being the most potent 

inhibitor. I have shown experimentally and through structural model predictions that 

PEP, PPi, and citrate all bind at different allosteric sites. In addition, these inhibitors had 

different effects with respect to ATP and fructose 6-phosphate (F6P) substrate binding. 
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The differences in their regulation as well as enzymatic activity from the previous study 

(Chapter 2) suggest that the four PFKs play different metabolic roles. 
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Introduction 

Entamoeba histolytica is an intestinal parasite that is water- and food- borne and 

causes up to 100,000 deaths per year (Stanley, 2003; World Health Organization, 2015). 

E. histolytica has several unique characteristics in respect to its metabolism. This 

amitochondriate lacks a functional citric acid cycle, oxidative phosphorylation, and the 

biosynthetic pathways of most amino acids, purines, and pyrimidines (Clark et al., 2007; 

Loftus et al., 2005). Therefore, this amitochondriate parasite is thought to rely on a PPi-

dependent glycolytic pathway to generate energy (Reeves et al., 1976). 

Phosphofructokinase (PFK), which catalyzes the conversion of fructose 6-

phosphate (F6P) to fructose 1,6-bisphosphate (F1,6BP), is a key regulated glycolytic 

enzyme in many other organisms (Park and Gupta, 2008; Wegener and Krause, 2002). 

PFK is activated by ADP and inhibited by phosphoenolpyruvate (PEP) in bacteria 

Escherichia coli and Bacillus stearothermophilus (Blangy et al., 1968; Evans and 

Hudson, 1979). PFK from the eukaryotic Trypanosoma brucei and Trypanosoma cruzi is 

activated by AMP (Fernandes et al., 2020). A previous study on ATP-dependent PFK3 

from E. histolytica showed that PEP was the only regulator of the enzyme and other 

effectors tested did not have any effect on the activity of the enzyme (Chi et al., 2001). 

To gain insight into regulation and structure of ATP-dependent PFKs in E. 

histolytica, I tested various ligands to determine their effects on the enzymatic activity of 

PFK2 (EHI_163630) and PFK3 (EHI_103590). Our results show that AMP, ADP, and 

CoA are activators, while PEP, citrate, and PPi are inhibitors. Each of these inhibitors 

affect binding of substrates differently for EhPFK2 and EhPFK3. In addition, results from 
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inhibition experiments with multiple effectors as well as structural modeling and docking 

showed that these effectors all bind at different allosteric sites. These regulatory 

differences suggest that ATP-dependent PFKs might play different metabolic roles 

despite their similar sequences. 
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Materials and Methods 

Chemicals and reagents 
 

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Gold 

Biotechnology. Coupling enzymes, aldolase (A8811) and α-Glycerophosphate 

dehydrogenase-Triosephosphate Isomerase (G1881), were purchased from Sigma-

Aldrich. Codon optimized E. histolytica PFK2 and PFK3 were synthesized by GenScript 

and cloned into pET21b expression vector with 10-His tags on the C-terminal for nickel 

affinity column purification. 

 

Protein production and purification / enzyme assay 

 Protein purification and enzyme assay were performed as described in Chapter 2 

of this dissertation. 

 
Analysis of PFK effectors 

 Enzyme assays were performed in the absence and presence of various ligands at 

K0.5 concentration of both substrates. Enzyme activity in the absence of effectors was set 

as 100 percent activity. Once inhibitors have been identified, their effects on binding of 

substrates were determined by generating progress curves in the absence and presence of 

various inhibitors. The highest concentration of F6P and ATP in the assay were increased 

to 30 mM and 3 mM respectively, to observe any restoration of activity due to higher 

substrate concentrations. For the IC50 experiment, K0.5 concentration of both substrates 

were used to observe the effect of inhibitors on the activity of E. histolytica PFK 
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enzymes. First, the IC50 concentration of individual inhibitors was determined by fitting 

the data into log (inhibitor) vs. response curve in GraphPad Prism 5 software. Then, IC50 

of one inhibitor was determined again in the presence of a second inhibitor that was held 

at constant at its IC50 concentration. Reactions were performed in triplicate. BioTek Eon 

Microplate Spectrophotometer was used to follow the progress of the reactions (BioTek, 

Winooski, VT). Data were plotted using GraphPad Prism 5 software (GraphPad 

Software, San Diego, CA).  

 

Effector competition experiment 

For competition experiments, enzyme assays were performed in the absence and presence 

of the strongest activator and inhibitor at K0.5 concentration of both substrates. For the 

activator, AC50, the half-maximal activation concentration, and ACmax, the effector 

concentration for maximum activation, were used. For the inhibitor, IC50, the half-

maximal inhibitory concentration, and ICmax, the effector concentration for maximum 

inhibition, were used. Enzyme activity in the absence of any effector was set as 100 

percent activity. For the first part of the assay, both ligands were included in the reaction 

mixture before adding the enzyme to initiate the reaction. For the second part of the 

assay, the activator and the enzyme were incubated together in the reaction mixture that 

was missing one of the substrates for 5 minutes. After incubating the reaction mixture at 

37°C for 5 minutes, the inhibitor was added and the substrate was added to initiate the 

reaction. Reactions were performed in triplicates. BioTek Eon Microplate 

Spectrophotometer was used to measure the absorbance (BioTek, Winooski, VT). 



 71 

In silico modeling of E. histolytica PFK structures 

 The amino acid sequences for EhPFK2 and EhPFK3 were used to generate 

predicted models with Swiss-Model (Waterhouse et al., 2018; 

https://swissmodel.expasy.org/) and AlphaFold (Jumper et al., 2021; Varadi et al., 2022; 

https://alphafold.ebi.ac.uk/). For the homology based Swiss-Model, PFK from 

Trypanosoma brucei was used as a template (McNae et al., 2009; PDB ID:3F5M). The 

template was selected based on sequence identity, coverage, and Global Model Quality 

Estimate (GMQE) scores. For determination of allosteric binding sites for AMP and PEP, 

models of EhPFK2 and EhPFK3 were superimposed on the crystal structures of T. brucei 

PFK and B. stearothermophilus PFK with ligands bound. Model images were visualized 

in PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC; 

https://pymol.org/2/#page-top). For the protein-ligand docking simulation, SwissDock 

(Grosdidier et al., 2011a, 2011b; http://www.swissdock.ch/) was used. To choose the best 

protein-ligand model, model with lowest -ΔG was chosen. 
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Results 

AMP, ADP, and CoA activate both EhPFK2 and EhPFK3 

Ligands, such as AMP and PEP, that were shown to modulate PFK activity from 

other organisms were tested on EhPFK2 and EhPFK3 (Figure 3.1 and 3.2). AMP, ADP, 

and CoA were found to increase activity of both EhPFK2 and EhPFK3. CoA was the 

strongest activator for both enzymes, with over 40% increased activity in the presence 

versus absence of CoA. The concentration of CoA required to achieve this increase in 

activity was 6-fold higher for EhPFK3 than EhPFK2. Both AMP and ADP showed ~20% 

increase in activity in the presence versus absence of these ligands for EhPFK2 at 1 mM. 

For EhPFK3, AMP showed a greater increase in activity compared to ADP. AMP 

increased the activity of EhPFK3 by ~30%, while ADP only increased by ~20%. 

 

PEP, PPi, and citrate inhibit both EhPFK2 and EhPFK3 

 Citrate, PEP, and PPi were found to be inhibitors of both enzymes (Figure 3.1 and 

3.2). PEP showed the most pronounced effect for both enzymes, where it resulted in 

about 80% reduction in activity at 7 mM PEP. For EhPFK2, reduction in activity by 

citrate was only observed for concentrations higher than 5 mM, while 5 mM citrate 

decreased the activity over 20% for EhPFK3. Both EhPFK2 and EhPFK3 showed about 

60% reduction in activity at 10 mM citrate. PPi showed more pronounced effects of 

inhibition on EhPFK3 than EhPFK2. EhPFK2 activity was reduced by ~20%, while 

EhPFK3 activity was reduced by ~60% at 0.2 mM PPi. ~60% reduction in activity was 

observed for EhPFK2 at 0.8 mM PPi, while EhPFK3 showed ~80% reduction.   
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Figure 3.1. Effect of various ligands on activity of EhPFK2. Various small molecules 

were examined to see if they regulate EhPFK2 activity. Concentration of each of the 

substrates were at K0.5. Absence of effector was set as 100% activity. Results shown are 

the mean ± standard deviation of triplicate reactions. 
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Figure 3.2. Effect of various ligands on activity of EhPFK3. Various ligands were 

examined to see if they regulate EhPFK3 activity. Concentration of each of the substrates 

were at K0.5. Absence of effector was set as 100% activity. Results shown are the mean ± 

standard deviation of triplicate reactions. 
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PFK inhibitors have different effects on EhPFK2 and EhPFK3 

 Progress curves in the presence of increasing concentration of inhibitors were 

generated to determine whether each inhibitor exerts its effect on ATP or F6P binding. 

PEP was found to affect the K0.5 of EhPFK2, leading to a 5-fold increase in the presence 

of 9 mM PEP. For EhPFK3, Vmax decreased in the presence of PEP, but K0.5 was not 

significantly affected (Figure 3.3). Neither PPi nor citrate had a substantial effect on the 

K0.5 for F6P for either EhPFK2 and EhPFK3 but did decrease Vmax for both enzymes 

(Figure 3.4 and 3.5).  

When examining the effect of inhibitors on binding of ATP, PEP was found to 

affect Vmax, but not K0.5 for both EhPFK2 and EhPFK3 (Figure 3.6). PPi affected the K0.5 

for ATP for EhPFK2, increasing it by 3-fold at 3 mM PPi, but did not substantially alter 

the K0.5 for ATP for EhPFK3 (Figure 3.7). Citrate did not have much effect on K0.5 of 

ATP for either EhPFK2 or EhPFK3, but decreased Vmax for both (Figure 3.8). 

 

 

 

Figure 3.3. Effect of PEP on binding of F6P for EhPFK2 and EhPFK3. A: Substrate 

progress curve of EhPFK2 in the presence of PEP. B: Substrate progress curve of 

A. EhPFK2 B. EhPFK3 
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EhPFK3 in the presence of PEP. ATP was held constant at the saturating level. Results 

shown are the mean ± standard deviation of triplicate reactions. 

 

 

Figure 3.4. Effect of PPi on binding of F6P for EhPFK2 and EhPFK3. A: Substrate 

progress curve of EhPFK2 in the presence of PPi. B: Substrate progress curve of EhPFK3 

in the presence of PPi. ATP was held constant at the saturating level. Results shown are 

the mean ± standard deviation of triplicate reactions. 

 

 

 

Figure 3.5. Effect of citrate on binding of F6P for EhPFK2 and EhPFK3. A: 

Substrate progress curve of EhPFK2 in the presence of citrate. B: Substrate progress 

A. EhPFK2 

A. EhPFK2 

B. EhPFK3 

B. EhPFK3 
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curve of EhPFK3 in the presence of citrate. ATP was held constant at the saturating level. 

Results shown are the mean ± standard deviation of triplicate reactions. 

 

 

 

Figure 3.6. Effect of PEP on binding of ATP for EhPFK2 and EhPFK3. A: Substrate 

progress curve of EhPFK2 in the presence of PEP. B: Substrate progress curve of 

EhPFK3 in the presence of PEP. F6P was held constant at the saturating level. Results 

shown are the mean ± standard deviation of triplicate reactions. 

 

 

 

Figure 3.7. Effect of PPi on binding of ATP for EhPFK2 and EhPFK3. A: Substrate 

progress curve of EhPFK2 in the presence of PPi. B: Substrate progress curve of EhPFK3 

A. EhPFK2 B. EhPFK3 

 
A. EhPFK2 B. EhPFK3 
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in the presence of PPi. F6P was held constant at the saturating level. Results shown are 

the mean ± standard deviation of triplicate reactions. 

 

 

 

Figure 3.8. Effect of citrate on binding of ATP for EhPFK2 and EhPFK3. A: 

Substrate progress curve of EhPFK2 in the presence of citrate. B: Substrate progress 

curve of EhPFK3 in the presence of citrate. F6P was held constant at the saturating level. 

Results shown are the mean ± standard deviation of triplicate reactions. 

 

Inhibitors do not share overlapping binding sites 

 To determine if any of the inhibitors bind at the same or overlapping sites, IC50 

values were determined for each inhibitor in the presence or absence of another inhibitor 

with the rationale that if the inhibitors share an allosteric site or occupy overlapping 

binding sites (such that occupation of one occludes occupation of the other) then the IC50 

of the second inhibitor will be affected. 

  For EhPFK2, the IC50 values for PEP, citrate, and PPi were determined to be 4.0 

mM, 6.5 mM, and 0.78 mM respectively (Table 3.1). In the presence of PEP at its IC50 

A. EhPFK2 B. EhPFK3 
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concentration, the IC50 values for citrate and PPi were essentially unchanged (Table 3.1). 

Likewise, the presence of citrate at its IC50 concentration did not alter the IC50 value for 

PPi (Table 3.1). For EhPFK3, the IC50 values for PEP, citrate, and PPi were similar to 

those observed for PFK2 (Table 3.2). The inhibitors had no effect on the IC50 for any 

other inhibitor for EhPFK3, suggesting that the three inhibitors bind at independent sites. 

 

EhPFK2 IC50 Experiment 

Inhibitor   

Varied Constant IC50 (mM) 

Citrate  6.5 ± 0.2 

Citrate PEP 6.3 ± 0.1 

   

PPi  0.78 ± 0.08 

PPi PEP 0.83 ± 0.14 

PPi Citrate 0.76 ± 0.06 

PEP  4.0 ± 0.5 

 

Table 3.1. IC50 for EhPFK2 in the presence of various inhibitors. IC50 was measured 

in the absence and presence of multiple inhibitors for EhPFK2. One inhibitor was held 

constant at its IC50 concentration, while the concentration of the other inhibitor was 

varied to measure the new IC50. Results shown are the mean ± standard deviation of 

triplicate reactions. 
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EhPFK3 IC50 Experiment 

Inhibitor   

Varied Constant IC50 (mM) 

Citrate  7.6 ± 0.2 

Citrate PEP 7.2 ± 0.1 

   

PPi  0.58 ± 0.09 

PPi PEP 0.51 ± 0.08 

PPi Citrate 0.54 ± 0.10 

PEP  1.8 ± 0.2 

 

Table 3.2. IC50 for EhPFK3 in the presence of various inhibitors. IC50 was measured 

in the absence and presence of multiple inhibitors for EhPFK3. One inhibitor was held at 

constant IC50, while the concentration of the other inhibitor was varied to measure the 

new IC50. Results shown are the mean ± standard deviation of triplicate reactions. 
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Phosphoenolpyruvate is a strong inhibitor of EhPFK2 

 A competition experiment was performed to determine whether the presence of 

activator can overcome the effect of the presence of inhibitor, and vice versa. CoA and 

PEP were used since they showed the most pronounced activation and inhibitory effects, 

respectively. When EhPFK2 was preincubated in the presence of both CoA and PEP at 

the AC50 and IC50 concentrations, activity was reduced to ~40% that determined for the 

enzyme in the absence of either effector (Figure 3.9). When the concentrations of CoA 

and PEP were increased to their maximum effective concentrations (ACmax = 0.4 mM for 

CoA and ICmax = 7 mM for PEP), EhPFK2 activity decreased ~20% more. When 

EhPFK2 was preincubated with CoA at its AC50 concentration for 5 minutes before 

addition of PEP to its IC50 concentration, inhibition was slightly reduced with ~60% 

activity observed. However, when EhPFK2 was preincubated with CoA at its ACmax 

concentration and PEP was then added at its ICmax concentration, activity was strongly 

inhibited to just 5% that observed for EhPFK2 in the absence of any effector. 
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Figure 3.9. Competition experiment between CoA and PEP for EhPFK2. Percent 

activity was measured in the presence of both activator and inhibitor. Percent activity 

with no effector present was set as 100% activity. 

 

The modeled structures of EhPFK2 and EhPFK3 are similar 

 Since crystal structures of EhPFK2 and EhPFK3 have not yet been solved, 

structural models were generated by homology-based modeling with Swiss-Model 

(Waterhouse et al., 2018; https://swissmodel.expasy.org/) and Alpha Fold (Jumper et al., 

2021; Varadi et al., 2022; https://alphafold.ebi.ac.uk/) using the crystal structure of ATP-

dependent T. brucei PFK (PDB ID:3F5M as the template (McNae et al., 2009). T. brucei 

PFK shared 43.45% identity with EhPFK2 and 40.78% identity with EhPFK3. PyMOL 

was used to visualize the structures (The PyMOL Molecular Graphics System, Version 

2.0 Schrödinger, LLC; https://pymol.org/2/#page-top) 
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 Although the two programs produced slightly different models, visual comparison 

of the models shows EhPFK2 and EhPFK3 are structurally similar (Figure 3.10). Domain 

A (in red) is composed of four small α-helices and three pairs of anti-parallel β- strands. 

Domain B (in cyan) is made up of four-stranded parallel β-sheet flanked by α-helices. 

Domain C (in orange) is composed of five-stranded parallel β-sheet flanked by α-helices. 

 

 

Figure 3.10. Structural models of EhPFK. A: Structural model of EhPFK2 from 

homology-based approach in Swiss-Mode using T. brucei PFK (43.45% identity with 
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EhPFK2). B: Structural model of EhPFK3 from AlphaFold prediction. C: Structural 

model of EhPFK3 from homology-based approach in Swiss-Model using T. brucei PFK 

(40.78% identity with EhPFK3). D: Structural model of EhPFK3 from AlphaFold 

prediction. Red: Domain A. Cyan: Domain B. Orange: Domain C. 

 

AMP binding site in EhPFK2 and EhPFK3 compared to T. brucei PFK 

 Since a solved structure for T. brucei PFK with AMP bound (Fernandes et al., 

2020; PDB ID: 6SY7) is available, I wanted to compare our predicted structures with it to 

determine the location of the AMP allosteric site. A previous study on T. brucei PFK 

identified important residues involved in AMP binding: Ala-288, Gln-289, Ala-290, Asn-

291, Arg-312, Ser-316, Gln-446, Glu-449, and Ile-450 (Fernandes et al., 2020). By 

superimposing the crystal structure of T. brucei PFK with the modeled EhPFK2 and 

EhPFK3 structures, I was able to identify putative AMP binding residues: Gly-274, Asp-

275, Asn-277, Arg-298, Lys-302, Met-431, Ser-434, and Ile-435 for EhPFK2 (Figure 

3.11); and Gly-270, Asp-271, Asn-273, Arg-294, Lys-298, Met-427, Ala-430, and Ile-

431 for EhPFK3 (Figure 3.12). 
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A 
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Figure 3.11. Structural model of EhPFK2 with AMP bound. A: Model of EhPFK2 

with AMP bound. B: Residues that form the AMP binding site. AMP and residues 

involved in AMP allosteric site are shown in stick model. PyMOL was used to visualize 

the structure. 

B 
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Figure 3.12. Structural model of EhPFK3 with AMP bound. A: Model of EhPFK3 

with AMP bound. B: Residues that form the AMP binding site. AMP and residues 

involved in AMP allosteric site are shown in stick model. PyMOL was used to visualize 

the structure. 

 

PEP binding site in EhPFK2 and EhPFK3 compared to B. stearothermophilus PFK 

 EHPFK2 and EhPFK3 were also modeled on the crystal structure of B. 

stearothermophilus PFK with PEP bound (Mosser et al., 2012; PDB ID:4I4I) to identify 

the putative PEP allosteric site. A previous study on B. stearothermophilus PFK 

identified Arg-21, Arg-25, and Asp-59  as residues important for PEP binding (Mosser et 

al., 2012). Superimposing the crystal structure of B. stearothermophilus PFK on the 

B 
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EhPFK2 and EhPFK3 models revealed Arg-104, Met-108, and Asp-146 in EhPFK2 

(Figure 3.13) and Arg-100, Leu-104, and Asp-142 in EhPFK3 (Figure 3.14) as part of the 

putative PEP binding site. 
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Figure 3.13. Structural model of EhPFK2 with PEP bound. A: Model of EhPFK2 

with PEP bound. B: Residues that form the PEP binding site. PEP and residues involved 

in PEP allosteric site are shown in stick model. PyMOL was used to visualize the 

structure. 

 

 

 

 

A B 
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Figure 3.14. Structural model of EhPFK3 with PEP bound. A: Model of EhPFK3 

with PEP bound. B: Residues that form the PEP binding site. PEP and residues involved 

in PEP allosteric site are shown in stick model. PyMOL was used to visualize the 

structure. 

 

A sequence alignment of PFKs from B. stearothermophilus, T. brucei, and E. 

histolytica show conservation of some amino acid residues involved in AMP and PEP 

allosteric binding sites (Figure 3.15). For PEP binding site, Arg-21 is conserved across all 

four PFKs and Asp-59 is conserved between B. stearothermophilus and E. histolytica. 

For AMP binding site, Asn-291 and Arg-312 is conserved between T. brucei and E. 

histolytica, while Ile-431 is conserved across all four PFKs. 

B 
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Figure 3.15. Multiple sequence alignment of PFKs in B. stearothermophilus, T. 

brucei, and E. histolytica. Amino acid sequences of PFKs from B. stearothermophilus, 

T.brucei, and E. histolytica were aligned using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) using the default parameters. Residues 

highlighted in yellow are residues involved in PEP binding site. Residues highlighted in 

cyan are residues involved in AMP binding site. Completely conserved residues are 

indicated by an asterisk (*), highly conserved residues are indicated by a colon (:), and 

less highly conserved residues are indicated by a period (.). 
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Docking experiment show that citrate binds at different allosteric sites in EhPFK2 

and EhPFK3 

 SwissDock (Grosdidier et al., 2011a, 2011b; http://www.swissdock.ch/) was used 

to predict the binding of citrate to EhPFK2 and EhPFK3 (Figure 3.16). The predicted 

model was chosen based on lowest -ΔG values, -9.18 kcal/mol for EhPFK2 and -11.13 

kcal/mol for EhPFK3. This docking suggests the putative citrate binding site resides 

between domain A and B for EhPFK2 but within domain B for EhPFK3. 

 

 

Figure 3.16. Model of EhPFK2 and EhPFK3 with citrate in docking prediction. A: 

EhPFK2 with citrate. B: EhPFK3 with citrate. SwissDock was used to predict docking of 

protein-ligand complex. 

A B 
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Discussion 

PFK is typically a highly regulated enzyme in the glycolytic pathway. Here, I 

examined the regulation of the ATP-dependent PFKs of E. histolytica. I have identified 

effectors that regulate the activity of EhPFK2 and EhPFK3. AMP, ADP, and CoA 

activate both enzymes, whereas PEP, citrate, and PPi inhibit enzymatic activity. The 

strongest activator was CoA and the strongest inhibitor was PEP. PPi was also a strong 

inhibitor for EhPFK3 but inhibited EhPFK2 to a lesser extent. In chapter 2, I 

demonstrated that EhPFK2 and EhPFK3 are ATP-dependent enzymes that cannot utilize 

PPi as a phosphoryl donor. The results here suggest that PPi plays a role in regulating the 

activity of EhPFK2 and EhPFK3 instead. It was surprising to see that citrate affected 

activity of both EhPFK2 and EhPFK3, since E. histolytica lacks functional citric acid 

cycle (Clark et al., 2007). It may be that citrate is still able to bind to E. histolytica PFKs 

due to conservation of residues in the citrate allosteric site even if citrate does not play an 

important regulatory role in vivo.  

To determine the effects of inhibitors on substrate binding, substrate progress 

curves were generated in the absence and presence of inhibitors and the effects on K0.5 

and Vmax were observed. Our results show that inhibitors affect substrate binding in 

EhPFK2 and EhPFK3 differently. PEP increased the K0.5 for F6P for EhPFK2 but exerted 

its effect on Vmax for EhPFK3. Likewise, with EhPFK2 PPi increased the K0.5 for ATP but 

affect Vmax for EhPFK3. 

I examined whether any of the inhibitors share the same binding site by 

determining if one inhibitor affected the IC50 of another inhibitor. If two inhibitors share 
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the same binding site, then approximately half of the sites should be occupied by the 

inhibitor that was held constant, so the amount of the varied inhibitor required to reduce 

the activity by additional 50% should decrease. My results showed that the IC50 values 

for individual inhibitors did not change significantly in the presence of the second 

inhibitor. This suggests that citrate, PEP, and PPi do not share any overlapping allosteric 

binding sites. 

Competition experiments were performed to see if an activator could alleviate the 

effect of an inhibitor. For EhPFK2, CoA and PEP were chosen as they showed the most 

pronounced effects. When EhPFK2 was exposed simultaneously to CoA and PEP at their 

EC50 concentrations enzymatic activity was reduced by 60% but when both effectors 

were present at their ECmax concentrations, there was an even greater reduction in 

activity. When the enzyme was preincubated with CoA at its AC50 concentration and then 

PEP was added at its IC50 concentration, lower inhibition of activity was observed; 

however, when this same experiment was performed at ECmax concentration for both 

effectors, an even stronger reduction in activity was observed than when both effectors 

were present at EC50 concentrations without preincubation. What could have happened 

was that when CoA at half maximal concentration was incubated with EhPFK2 first, it 

caused a conformational change that prevented some PEP molecules from binding to the 

allosteric site. But when a greater amount of PEP was present, conformation change 

induced by CoA was not enough to counteract inhibition by PEP.  

Structural models of EhPFK2 and EhPFK3 generated from homology-based 

Swiss-Model and AlphaFold were very similar to each other. Both models showed three 
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distinct domains and an inserted loop in domain C that has been shown to be involved in 

interaction with the active site in T. brucei (McNae et al., 2009). By overlapping the 

predicted structures of EhPFK2 and EhPFK3 with the crystal structure of T. brucei PFK 

with AMP bound, I determined that the putative AMP allosteric binding site is located in 

domain C, which is where the F6P binding site is located. Likewise, I identified the 

putative PEP allosteric binding site by overlapping the predicted models with the crystal 

structure of B. stearothermophilus PFK. The PEP allosteric site resides in domain B, 

which is where the ATP binding site is located. 

Since crystal structure of PFK with citrate bound was not available in the protein 

database, I did docking simulation with SwissDock to identify a putative citrate binding 

site between domain A and B for EhPFK2 and within domain B for EhPFK3. Although 

different citrate allosteric binding sites were identified for the two enzymes, the predicted 

binding sites did not overlap with any of the allosteric binding sites for other effectors 

that I saw from Swiss-Model and AlphaFold, which supports our finding that inhibitors 

do not share any overlapping binding sites. 

Canonical PFK1 (EC 2.7.1.11) is activated by AMP, ADP, and fructose 2,6-

bisphosphate and inhibited by ATP and citrate. EhPFK2 and EhPFK3 were also activated 

by AMP and ADP. Interconversion of adenosine phosphates is catalyzed by adenylate 

kinase (Eq.1) (Dzeja and Terzic, 2009). High levels of AMP indicate that cell is starved 

for energy, so glycolysis must speed up to replenish ATP. Likewise, high levels of ADP 

indicate that there is high ATP usage, so glycolysis must speed up to convert ADP back 

to ATP.  
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[Eq.1] Adenylate kinase  ADP + ADP ↔ AMP + ATP 

Activation of EhPFK2 and EhPFK3 by CoA was surprising as it is not a typical 

activator for PFK. CoA is involved in oxidation of pyruvate to acetyl-CoA by Pyruvate: 

ferredoxin oxidoreductase (PFOR) in the extended glycolytic pathway (Eq.2). High levels 

of CoA could be a signal that there is accumulation of pyruvate in the cell, so glycolysis 

must speed up to drive the production of acetate and ethanol. Production of acetate and 

ethanol would not be possible without conversion of pyruvate to Acetyl-CoA as E. 

histolytica lacks enzymes for fatty acid β-oxidation (Saavedra et al., 2019).  

[Eq.2] PFOR  Pyruvate + CoA → Acetyl-CoA + CO2 

Fructose 2,6-bisphosphate is a potent activator of canonical PFK as it increases 

the affinity for F6P and alleviates the inhibition caused by ATP (Yalcin et al., 2009). 

Production of fructose 2,6-bisphosphate from F6P is catalyzed PFK2 (EC 2.7.1.105), 

which is different from PFK1. Testing of fructose 2,6-bisphosphate as a regulator of 

EhPFK2 and EhPFK3 was not done as four putative PFK genes from E. histolytica all 

encode PFK that produce fructose 1,6-bisphosphate, not fructose 2,6-bisphosphate.  

 EhPFK2 and EhPFK3 were both inhibited by citrate, which is also a known 

inhibitor of canonical PFK1. For other organisms with functional citric acid cycle, 

glycolysis would slow down under high levels of citrate as it signals that citric acid cycle 

is backed up. For E. histolytica, citrate probably does not play any important role in 

regulation of these enzymes in vivo as it lacks functional citric acid cycle (Clark et al., 

2007). Inhibition of EhPFK2 and EhPFK3 by PPi suggest that PPi act as a potent inhibitor 

of these enzymes, instead of as a phosphoryl donor. Inhibition of PFK by PPi was also  
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observed in a site-directed mutagenesis study when Chi et al. mutated Asp-175 to Gly-

175 for EhPFK4. This single mutation switched PPi-dependent EhPFK4’s substrate 

specificity from PPi to ATP. This newly created ATP-PFK was inhibited by PPi (Chi and 

Kemp, 2000). 
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Conclusion 

 I have identified both positive and negative regulators of the ATP-dependent 

PFKs from E. histolytica. Although both EhPFK2 and EhPFK3 are both inhibited by 

PEP, citrate, and PPi, the mode of regulation with respect to the substrates differs 

between the two enzymes. Further investigation is needed to fully understand the 

physiological role of the ATP-dependent PFKs in E. histolytica and their complex 

regulation. 
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CHAPTER IV 

CONCLUSIONS AND FUTURE DIRECTIONS 

Biochemical and kinetic characterization of phosphofructokinases from E. 

histolytica 

This investigation into the roles of PFK in glycolysis began with the observation 

that there are four PFK genes, three of which were thought to encode for ATP-dependent 

enzymes, in the genome of E. histolytica. This was interesting as E. histolytica is thought 

to rely on a modified PPi-dependent glycolysis as its primary energy pathway as it lacks 

many metabolic pathways, including the citric acid cycle and oxidative phosphorylation 

(Clark et al., 2007; Loftus et al., 2005). EhPFK2 has never been characterized before and 

although EhPFK3 has been partially characterized previously, I investigated both 

enzymes to allow a direct comparison of their kinetic characteristics including regulation 

by allosteric effectors. My results show that both EhPFK2 and EhPFK3 are ATP-

dependent and PPi acts as a potent inhibitor of the enzymes instead of as a phosphoryl 

donor. Although these enzymes share similar sequences, they displayed different kinetic 

and regulatory properties, such as difference in substrate affinities and the ways in which 

inhibitors affect binding of the substrates.  

I hypothesize that PFK switching could be happening in E. histolytica, where 

different PFKs are utilized to fit the metabolic needs. Isozymes displaying different 

expression profiles as well as playing different roles have been demonstrated in other 

organisms. RNAseq study in E. invadens showed that the PPi-PFK gene was 
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downregulated during encystation, while one of the ATP-PFK genes was upregulated 

during excystation (Ehrenkaufer et al., 2013).  

A proteomics study in Saccharomyces cerevisiae revealed that isozymes of 

several metabolic enzymes, such as those involved in glycolysis and amino acid 

biosynthesis, were both up and down regulated under stress conditions (Zhang et al., 

2018). They discovered that enolase1 played a role in promotion of gluconeogenesis 

under low glucose condition, while enolase2 did not (Zhang et al., 2018). A study on 

mammalian hexokinase showed that Type I isozyme functions in a catabolic role to 

generate energy, while Type II isozyme functions in an anabolic role to provide glucose 

6-phosphate for glycogen synthesis and pentose phosphate pathway (Wilson, 2003).  

In E. histolytica, PFK switching might occur in conditions that have a low level of 

PPi. The only known sources of PPi are from conversion of PEP to oxaloacetate and 

synthesis of glycogen, protein, and nucleic acids (Reeves et al., 1976). Acetate kinase 

from E. histolytica has also been proposed to be a contributor of PPi, but a recent study 

has demonstrated that it functions to restore NADH imbalance in the extended glycolytic 

pathway (Dang et al., 2022; Reeves et al., 1976). If PPi is not readily available, PPi-PFK 

might be downregulated and ATP-PFK might be upregulated to continue the glycolytic 

pathway. EhPFK2 is likely to be the main player involved in such a PFK switching 

mechanism as it was shown to be a more efficient enzyme compared to EhPFK3, but it is 

possible that other ATP-PFKs are also involved. Our characterization of the enzymes 

provides a foundation for determining the functional differences between PFK enzymes. 
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Future Directions 

In vivo study of these enzymes should be carried out to better understand their 

physiological roles. Generation of PFK RNAi strains and growing them under different 

conditions, such as normal glucose, low glucose, and high glucose media, would help in 

elucidating the physiological role of these enzymes and determining whether all isozymes 

are required for cell growth. Their role in encystation and excystation should also be 

investigated as transcriptomics study on E. invadens PFK suggest involvement of 

different PFKs in the life cycle (Ehrenkaufer et al., 2013) 

Site-directed mutagenesis study on ATP-dependent PFKs might give useful 

insight on properties of these enzymes as well. A previous study on E. histolytica PPi-

dependent PFK showed that a single mutation changed its preference from PPi to ATP for 

phosphoryl donor (Chi and Kemp, 2000). Furthermore, formation of a new binding site 

was demonstrated by the mutants being able to utilize other nucleoside triphosphate as 

phosphoryl donors (Chi and Kemp, 2000). It would be interesting to see if mutating Gly 

to Asp would change substrate preference from ATP to PPi for EhPFK2 and EhPFK3. If 

these mutated enzymes are able to utilize PPi as a substrate, then kinetic parameters and 

regulatory properties can be measured to compare it to EhPFK4 that is PPi-dependent. 

Resolving the structure of EhPFKs through various techniques, such as X-ray 

crystallography or cryo-electron microscopy, would be beneficial in understanding 

protein-ligand interactions. I predicted the structures of EhPFK2 and EhPFK3 through 

AlphaFold, however AlphaFold has several limitations, such as inability to predicts 

structures with ligands and cofactors (Bertoline et al., 2023). As a result, I had to rely on 
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superimposition of the resolved crystal structures of protein-ligand complex with the 

predicted models of EhPFK2 and EhPFK3 to deduce the location of allosteric binding 

sites. However, superimposition could not be done for all the effectors as not all protein-

ligand complex were available in the protein database. Resolving the structure of 

EhPFK2 and EhPFK3 with ligands bound would allow for direct comparison with 

experimental data to see if effectors do bind at different allosteric sites and gain insight as 

to what fundamental differences exists between EhPFK2 and EhPFK3 active site that 

allows for both one ring and two ring structures for EhPFK2, but only two ring structures 

for EhPFK3. 
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