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Abstract 

 The rate-limiting step of glycolysis, the process by which glucose is broken down to 

produce energy, is catalyzed by the enzyme phosphofructokinase-1 (PFK). The liver isoform of 

human PFK has recently been found to organize into chains of tetramers, forming filament 

structures. Drosophila melanogaster, the fruit fly, is commonly used as a model system to study 

human development and disease. This study aimed to determine if Drosophila melanogaster 

PFK (DmPFK) forms filaments, and if so, under what conditions. We hypothesized that 

filamentation occurs in the presence of factors that inhibit PFK, such as ATP. To determine the 

conditions under which PFK forms filaments, the protein was purified from Escherichia coli 

cells by capturing it with nickel resin and additionally using anion exchange fast protein liquid 

chromatography. Successful purification was detected via western blot and Coomassie stained 

SDS-PAGE gel with bands at 89 kDa. Out of the five buffers tested, DmPFK was concentrated 

to 0.1 mg/ml and had the highest enzymatic activity rate in: 100 mM sodium phosphate, 50 mM 

NaCl, 1 mM EDTA, 1 mM BME, 5% glycerol, adjusted to pH 7.5 at room temperature. ATP and 

Mg2+ in the presence of F6P and (NH₄)₂SO₄ were required for filamentation, supporting the 

hypothesis. Future research will investigate the role filamentation may play in regulation of 

DmPFK, a critical metabolic enzyme, affecting cancer cell proliferation, autoimmune diseases, 

and neurodegenerative diseases.  
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Introduction 

 Glycolysis is the metabolic process by which glucose is broken down by enzymes to 

produce cellular energy in the form of ATP and NADH. Phosphofructokinase-1 (PFK) catalyzes 

the rate limiting step of glycolysis, converting fructose 6-phosphate (F6P) into fructose 1,6-

bisphosphate (F1,6BP). PFK is a highly regulated allosteric enzyme, undergoing structural 

changes when bound to allosteric activators or inhibitors such as ATP, AMP, citrate, Mg2+, and 

PEP. Some enzymes form cytoskeletal filaments, for example actin and tubulin, however, the 

formation of filaments has also been observed in cytosol (Park & Horton, 2019).  

PFK has a tetrameric structure and the human liver isoform of PFK (hPFKL) has recently 

been found to form filaments (Webb et al., 2017). These filaments are made of many copies of 

the tetramer stacked into chains, the assembly of which is controlled by the regulatory domain of 

the enzyme (Webb et al., 2017). The Webb (2017) study found that in the presence of the 

enzyme inhibitor ATP, aggregates formed, while the activator F6P formed filaments. Filament 

structures are small and have been imaged with electron microscopy; the length was found to be 

65.4 ± 34.1 nm (Webb et al., 2017). The process of enzyme filamentation has been seen in not 

only mammals, but also bacteria and yeasts, such as the bacterial regulating enzyme CTP 

synthase (Lynch et al., 2020; Shen et al., 2016). The goal of this study was to determine whether 

PFK from another organism is also able to form filaments.  

 Drosophila melanogaster, the common fruit fly, is frequently used as a model system for 

investigating human development and disease as many regulatory genes are structurally similar 

to those found in humans (Tolwinski, 2017). Studying flies is less expensive and faster than 

human studies allowing for initial research to be conducted more easily (Tolwinski, 2017). Many 

enzymes that form filaments and foci, another type of self-assembly, have been identified in 
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Drosophila melanogaster (Noree et al., 2010), opening the possibility that Drosophila 

melanogaster PFK (DmPFK) may also form filaments. As metabolic enzyme filamentation is a 

relatively newly appreciated phenomenon, knowledge of the conditions under which filaments 

are assembled remain unknown, as does the possible effect of filamentation on enzyme activity. 

Studies have hypothesized that filamentation may play a role in the regulation of metabolic 

enzymes, such as PFK (Lynch et al., 2020).  

A full understanding of filamentation by PFK enzymes is important as it may offer new 

insights into the structure of a critical metabolic enzyme and how it functions, being activated or 

inhibited. Also, as PFK is necessary for cellular respiration and producing energy to sustain 

living things, knowledge of its filamentation can be applied to treating diseases. Since filaments 

have the potential to activate or inhibit an enzyme, related systems and processes can be sped up 

or slowed down. Drosophila melanogaster is used to study many diseases, including 

Amyotrophic Lateral Sclerosis, or ALS (Manzo et al., 2019). Specifically, the upregulation of 

glycolysis due to PFK overexpression lessened the degeneration of motor neurons as a result of 

ALS (Manzo et al., 2019). Additionally, PFK expression in breast cancer cells was correlated 

with lower patient survival rates. (Umar et al., 2020). PFK activity has also been seen to affect 

immune diseases, such as rheumatoid arthritis by causing T cells to be dysfunctional (Yang et al., 

2015). This indicates that insights into the role filaments play in DmPFK regulation could lead to 

new methods of disease treatment. 

 This project aims to answer the question, does DmPFK form filaments, and if so, under 

what conditions? Previous studies have shown that the addition of F6P, ammonium sulfate, and 

ATP to hPFKL induces the formation of filaments (Webb et al., 2017). However, other forms of 

PFK such as the muscle and platelet isoforms of human PFK, do not filament (Webb et al., 
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2017). As it has not yet been determined why some enzymes form filaments and others do not, 

more data needs to be collected with untested enzymes. Therefore, this study hypothesizes that 

the presence of inhibitors will cause DmPFK to form filaments. Since humans and Drosophila 

melanogaster have similar regulatory genes, the filamenting properties of hPFKL may also be 

seen in the fly PFK. 

 

Methods 

DmPFK Production and Purification  

 The first step to determining if DmPFK forms filaments was to produce enough of the 

recombinant protein. Escherichia coli cells engineered to produce DmPFK, stored and frozen in 

glycerol stock, were used to streak an LB agar plate with ampicillin then incubated at 37°C 

overnight. Single colonies were then picked and grown in media. Cells were transferred to 1 liter 

of LB media with ampicillin, allowed to grow in the log-phase, then DmPFK expression was 

induced with the addition of IPTG. After overnight incubation at 17°C, cells were then spun 

down to acquire the cell pellet which was flash frozen and stored at -80°C. The defrosted cells 

were broken open using an Emulsiflex to get the PFK out of the cells in the form of supernatant. 

The DmPFK in the supernatant was purified by binding to pre-equilibrated Ni2+-agarose 

resin overnight. The resin was washed with a lysis buffer (100 mM sodium phosphate, 100 mM 

NaCl, 1 mM beta-mercaptoethanol, pH 7.5) and a high salt buffer (100 mM sodium phosphate, 

800 mM NaCl, 1 mM beta-mercaptoethanol, pH 7.5) then eluted with an imidazole buffer (100 

mM sodium phosphate, 100 mM NaCl, 250 mM imidazole, 1 mM beta-mercaptoethanol, pH 7.5; 

100 mM sodium phosphate, 100 mM NaCl, 20 mM imidazole, 1 mM beta-mercaptoethanol, pH 

7.5). The protein concentration was measured throughout the process using a NanoDrop 
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spectrophotometer to measure absorbance at 280 nm (A280). The capture of full length (89 kDa) 

DmPFK was confirmed by western blot. The PFK was then further purified using fast protein 

liquid chromatography (FPLC) with a Mono Q anion exchange column as other proteins were 

still present. The DmPFK was dialyzed into a low salt buffer (100 mM Tris HCl, 50 mM NaCl, 

10 mM EDTA, 10 mM beta-mercaptoethanol, 5% glycerol, pH 8.3) to remove imidazole from 

the sample before it was loaded onto the Mono Q column. The negatively charged DmPFK was 

bound to the resin, washed well, and then eluted by adding increasing amounts of a higher salt 

concentration buffer (500 mM NaCl). Fractions collected during elution were analyzed by 

western blot and Coomassie-stained SDS-PAGE gel to identify which fractions contained 

DmPFK (those with a band at the molecular weight of DmPFK, 89 kDa, as measured against a 

protein ladder). ImageJ was used to analyze the image of a Coomassie-stained SDS-PAGE gel 

with concentrated protein and determine the percent purity. This was done by dividing the 

integrated intensity of the DmPFK band by the total of all bands present in the sample. 

 

Activity and Filamentation Assays 

Next, the activity of the DmPFK was determined using an assay in which the absorbance 

of NADH at 340 nm over time was measured. The enzymes aldolase, triose phosphate 

isomerase, and glycerol-3-phosphate dehydrogenase coupled to use F1,6BP, the product 

produced by PFK, to oxidize the NADH (Tindall, 2016). When this occurs, the NADH becomes 

NAD+ which does not absorb at the wavelength 340 nm. Therefore, absorbance readings at 340 

nm decreased in value as active PFK catalyzes the conversion of F6P to F1,6BP, and the rate of 

decrease is used as a measure of PFK activity. Absorbance was measured using a Cary UV-Vis-

NIR-Spectrophotometer or a BMG Labtech Omega Plate Reader. Absorbance over time data 

gathered from the activity assay was analyzed graphed using Excel. The slope of the line of best 
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fit was converted to moles of NADH oxidized per minute per mg of DmPFK using Beer’s Law 

and the estimated DmPFK concentration.  

 To determine if DmPFK forms filaments, various conditions of known filament inducers 

were tested. Combinations of ATP, F6P, (NH₄)₂SO₄, and MgCl2 were added to the DmPFK. 

Each sample was put on a carbon covered copper grid then stained using a uranyl formate heavy 

metal stain. Grids were imaged using transmission electron microscopy (TEM) to see if filament 

structures formed. Results from the negative stain EM were analyzed using ImageJ to measure 

structure length, as the unstained protein contrasted with the stained background.  

 

Results 

DmPFK Purification 

 To extract the DmPFK from frozen cells, it was purified with Ni2+-agarose resin to 

separate the protein from DNA and other unwanted cell material. When a western blot was run to 

determine which samples (flow through, washes, elutions) contained DmPFK, a band between 

75-100 kDa (DmPFK is 89 kDa) was observed the flow through and elution fractions (lanes 2-8, 

Figure 1). The most prominent bands were seen in lanes 3-5, the first elutions with 250 mM 

imidazole. Protein eluted from the resin was determined to be approximately 20% DmPFK by 

Coomassie stained gel (Figure 2). PFK was further purified to be used in assays and for testing 

filamentation with a Mono Q anion exchange column in an FPLC. Protein absorbance at 280 nm 

was measured during the salt gradient indicating protein elution, with three major peaks at 36%, 

42%, and 47% buffer B (Figure 3), in fractions 40-42, 43-45, and 45-48 respectively. The 

Coomassie stained gel run on the fractions in the peaks collected from the Mono Q showed that 

each peak had bands at different molecular weights. The first peak had a band between 75 and 
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100 kDa, the expected position of DmPFK, with most in fraction 41. The second and third peaks 

had faint bands below 75 kDa. A western blot, which detects the presence of the hexahistidine 

tag on DmPFK, was run with the same samples to confirm the results. The western also showed 

a band between 75 and 100 kDa in fractions 40-42.  

 

 
 

Figure 1.  DmPFK purification with Ni2+-agarose resin. Lanes contained: (1) protein ladder, 

(2) flow through, (3) elution 1, (4) elution 2, (5) elution 3, (6) elution 4, (7) elution 5, (8) lysis 1 

& 2, (9) high salt wash 1 & 2, (10) high salt wash 3, (11) high salt wash 4, (12) high salt wash 5, 

(13) lysis 3 & 4, (14) diluted elution, (15) lysis 5. Band between 75-100 kDa indicates DmPFK 

(molecular weight = 89 kDa). 

 

 

 
 

Figure 2.  Coomassie stained gel of Ni2+ purified DmPFK. Lanes contained: (1) protein 

ladder, (2) concentrated DmPFK, (3) unconcentrated DmPFK. Concentrated sample shows five 

main bands, one of which is in the expected position of DmPFK (89 kDa). 
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Figure 3.  FPLC elution of PFK with Mono Q column. Black line is percent of buffer B (pH 

8.3, 100 mM Tris HCl, 500 mM NaCl, 10 mM EDTA, 10 mM beta-mercaptoethanol, 5% 

glycerol), green line is protein absorbance at 280 nm (mAU), red line is conductivity (mS/cm). 

Spikes in absorbance at 280 indicate the elution of protein.  

 

 

DmPFK Concentration and Activity 

 After DmPFK was purified with Ni2+-agarose resin and a Mono Q column, the protein 

concentration was 0.02 mg/ml. However, testing the activity and imaging the PFK with negative 

stain EM required the protein to be more concentrated. Buffers containing HEPES, Tris HCl, or 

sodium phosphate were tested to determine which resulted in the least loss of protein during 

concentration (Table 1). The HEPES buffer had a high recovery rate but low enzyme activity. 

Both pH 7.0 and 8.0 Tris-Cl buffers had low recovery and low activity. The sodium phosphate 

buffers had high recovery and high activity, with the 50 mM NaCl being slightly better in both 

aspects. The percent of DmPFK recovered after concentrating the sample and the enzymatic 

activity of the concentrated sample appeared to have no relationship. The activity of DmPFK in 

each buffer was tested twice using the NADH activity assay and averaged. 
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Table 1: Effects of Different Buffers on PFK Concentration and Activity 

Buffer Composition 
% of DmPFK Recovered 

After Concentrating 

Activity: Rate of NADH 

Oxidation* (μmol/min/mg) 

pH 6.5 

156.25 mM HEPES 

156.25 mM NaCl 

10 mM EDTA 

10 mM BME 

6.25% Glycerol 

66.6% Average: 0.198 

Range: (0.188 – 0.208) 

 

pH 7.0 

100 mM Tris HCl 

100 mM NaCl 

10 mM EDTA 

10 mM BME 

5% Glycerol 

32.0% Average: 0.145 

Range: (0.138 – 0.151) 

pH 8.0 

100 mM Tris HCl 

100 mM NaCl 

10 mM EDTA 

10 mM BME 

5% Glycerol 

36.7% Average: 0.178 

Range: (0.176 – 0.180) 

pH 7.5 

100 mM Sodium Phosphate  

140 mM NaCl 

1 mM BME 

1 mM EDTA 

5% Glycerol 

54.4% Average: 0.441 

Range: (0.331 – 0.551) 

pH 7.5 

100 mM Sodium Phosphate  

50 mM NaCl 

1 mM EDTA 

1 mM BME 

5% Glycerol 

68.3% Average: 1.104 

Range: (0.830 – 1.378) 

*Time between concentrating and activity assays varied; PFK concentrated in sodium 

phosphate buffers were stored in 50% glycerol at -20°C and flash frozen at -80°C 
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DmPFK Filamentation 

 DmPFK that had undergone purification in the FPLC (0.02 mg/ml) was gridded under 

two conditions: 20 mM (NH₄)₂SO₄, 2 mM F6P; and 20 mM (NH₄)₂SO₄, 2 mM F6P, 1 mM ATP, 

1 mM MgCl2. Both grids were imaged using an FEI Tecnai Spirit 120 keV transmission electron 

microscope. The first condition containing only ammonium sulfate and F6P had many circular or 

rounded structures 10-50 nm in diameter. When imaged, the second condition containing 

additional ATP and MgCl2, appeared to contain PFK structures of differing lengths (Figure 4A). 

Zoomed in, and measured, one structure had a length of 67 nm while the other smaller structures 

had lengths of 17-27 nm. (Figure 4B). The filament had two bends measuring 126° and 87°. 
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Discussion 

DmPFK Purification Protocol 

 This project determined a protocol that can be used to produce and purify DmPFK. The 

DmPFK was able to be recombinantly produced and expressed in Escherichia coli cells. When 

purified with Ni2+-agarose resin, the DmPFK unbound from the resin during the washes with 250 

mM imidazole. This was because the recombinant DmPFK had a polyhistidine-tag, commonly 

called a His-Tag, which binds to the nickel metal ions on the resin beads. When a buffer 

containing imidazole is put on the resin, the His-Tag is displaced, allowing for the purification of 

a specific protein like PFK. As PFK has a molecular weight of 89 kDa, the bands on Figure 1, 

the western blot, were between the 75 kDa and 100 kDa markers, indicating the presence of 

PFK. Figure 2 showed 5 major bands on the Coomassie stained gel of concentrated protein, one 

Figure 4.  DmPFK 

filaments. (A) Negative 

stain transmission electron 

microscopy image of 0.02 

mg/ml DmPFK with 

(NH₄)₂SO₄, F6P, ATP, and 

MgCl2 at 23000x 

magnification. (B) Zoomed 

in image of negative stained 

DmPFK filament. 
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of which was the expected size of DmPFK, between 75-100 kDa. Therefore, the percent of 

protein in the sample was approximately 20% PFK, meaning that other proteins were also eluted 

from the nickel resin. To attempt to remove the contaminating proteins, the PFK was run through 

the FPLC.  

 Figure 3 shows a chromatogram of an elution of the DmPFK after being bound to the 

Mono Q column. This is a type of anion-exchange column used with the FPLC which separates 

substances based on charge. The isoelectric point (pI) of a protein is the pH where it has no 

charge. Buffers with a pH above the pI results in an overall negative charge of protein, which is 

what was needed for the anion-exchange column. The pI of DmPFK is estimated to be 6.4, so the 

buffers used for the Mono Q were at a higher pH. Initially, the buffer the DmPFK was dialyzed 

into was pH 7.5, 200 mM Tris HCl, 100 mM NaCl, 10 mM EDTA, 5% glycerol, and 10 mM 

beta-mercaptoethanol. When the FPLC was run using this buffer, the protein eluted too early, 

even before the salt concentration started increasing. This could have been due to an issue with 

the FPLC leaking the higher salt (500 mM NaCl) buffer before it was supposed to, or the protein 

may have not bound to the column. To fix this, the next time the FPLC was run, a different 

buffer was used, and the high salt buffer was not connected to the system until the elution stage. 

In case the PFK had not bound to the column because it was not negatively charged enough, the 

pH was raised to be farther from the pI. The new buffer was pH 8.3 and contained: 100 mM Tris 

HCl, 50 mM NaCl, 10 mM EDTA, 5% glycerol, and 10 mM beta-mercaptoethanol. The NaCl 

concentration was also lowered in case the protein had eluted too early because of too much salt 

in the starting buffer. In Figure 3, there were three main peaks of protein. The Coomassie stained 

SDS-PAGE gel showed that the first peak most likely contained DmPFK because the bands were 

at the correct molecular weight, 89 kDa, while the other two peaks were contaminating protein 
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that was separated out. The western blot had bands in the same place, reaffirming the presence of 

PFK, particularly in fraction 41.  

 

Conditions for Concentrated and Active DmPFK  

 When attempting to concentrate the DmPFK purified from the FPLC, the buffers that 

allowed the protein to reach a high concentration with relatively little loss did not always retain 

protein activity. The first buffer tested, containing HEPES, had a high percentage of protein 

recovery, but low activity (Table 1). An activity assay run on protein directly from FPLC, before 

the DmPFK had been dialyzed into HEPES, had a higher rate of activity, suggesting that the 

HEPES was making the DmPFK more inactive. This led to more buffers being tested to find one 

that would result in concentrated, active DmPFK. Since the protein from the FPLC was active, 

the next buffers tested were similar in composition to the buffers used in the FPLC. Both pH 7.0 

and pH 8.0 with Tris-Cl instead of HEPES were tested, however a higher percent of protein was 

lost and the DmPFK was less active compared to the HEPES buffer (Table 1).  

 With both the HEPES and Tris-Cl buffers not retaining activity, more buffers needed to 

be tested. A small-scale purification of more DmPFK had a protein concentration of 0.200 mg/ml 

in one of the elutions from the Ni2+-agarose resin. The elution buffer was pH 7.5 and made of 

100 mM NaCl, 100 mM sodium phosphate, and 250 mM imidazole. The protein concentration, 

although not all DmPFK as it had not gone through the FPLC, was higher than needed for testing 

filamentation. It was hypothesized that DmPFK could be concentrated in a similar buffer, 

therefore, the next buffer tested was pH 7.5 with sodium phosphate. High salt (140 mM NaCl) 

and low salt (50 mM NaCl) versions of the buffer were tested. Both had relatively high protein 

recovery rates compared to the HEPES and Tris-Cl buffers, as well as the highest activity rates 
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(Table 1). DmPFK was the most active in the low salt sodium phosphate buffer, and the lowest 

percentage was lost due to concentration, indicating that it was the best buffer out of the five 

tested.  

 In Table 1, the DmPFK concentrated in the sodium phosphate buffers were frozen in 50% 

glycerol and stored at -20°C and flash frozen with no glycerol at -80°C. This was done to 

preserve the protein as the activity assay could not be run right away due to uncontrollable 

circumstances. When fresh PFK concentrated in the 140 mM NaCl and sodium phosphate buffer 

was tested for activity, the μmol of NADH/min/mg DmPFK was almost the same as those 

frozen, indicating that freezing the DmPFK did not have a large impact on activity. However, 

when samples were kept at 4°C overnight then retested for activity, the rate was slower meaning 

long term storage of DmPFK should be at -20°C or -80°C. 

 

PFK Filament Formation 

 This study aimed to answer whether DmPFK forms filaments by testing the effects of 

known filament inducers. Webb et al. (2017) found that hPFKL formed filaments in the presence 

of 2 mM F6P and that ammonium sulfate stabilized filaments. This was the first condition tested; 

however, it did not result in the formation of filaments. The structures were not the long chains 

of stacked tetramers, but instead smaller and rounded. The same study (Webb et al., 2017) used a 

control buffer of 1 mM ATP to successfully produce filaments. When this along with 1 mM of 

MgCl2, which helps stabilize the transfer of a phosphate group from ATP to F6P to make 

F1,6BP, was added to the purified PFK, filaments formed. Figures 4A and 4B showed a filament 

whose length and angle measurements matched those of filaments found in hPFKL. hPFKL 

filaments were found to be 65.4 ± 34.1 nm long with bends of 124 ± 18° (Webb et al., 2017). 
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The DmPFK filament was 67 nm and had a bend measuring 127°. This indicates that DmPFK 

may behave similarly to hPFKL because they both form filaments. Since studying flies is faster 

and less expensive than humans, as fly FPK can be produced in E. coli while human PFK is 

produced in insect cells using a baculovirus (Webb et al., 2017), future experimentation can be 

performed first in the fly system then moved to human.  

 DmPFK can be recombinantly produced in Escherichia coli cells then purified in Ni2+-

agarose resin and an anion-exchange column. The PFK is most active in a pH 7.5 buffer 

containing 100 mM sodium phosphate, 50 mM NaCl, 1 mM EDTA, 1 mM BME, and 5% 

glycerol. When (NH₄)₂SO₄, F6P, ATP, and MgCl2 were added to the PFK, a structure of stacked 

tetramers matching the physical description of other PFK filaments was seen, leading to the 

conclusion that DmPFK forms filaments. This is the first time DmPFK filaments have been 

identified. My hypothesis was supported as ATP and MgCl2 were required for the filamentation 

of DmPFK. Future research will test more allosteric inhibitors and activators to see what effect 

they have on DmPFK filaments. In addition, the filaments will be tested for activity to determine 

if the structural change affects whether PFK is active or inactive. The metabolic enzyme PFK is 

necessary for glycolysis to occur, which helps cells meet their energy requirements. High PFK 

expression in breast cancer reduced survival rates (Umar et al., 2020) while insufficient PFK 

activity caused dysfunctional T cells in rheumatoid arthritis patients (Yang et al., 2015). 

Additionally, upregulation of PFK lessened the negative locomotive effects of amyotrophic 

lateral sclerosis (Manzo et al., 2019). As Drosophila melanogaster is a model system for human 

disease, this gives enzyme filamentation clinical significance as a deeper understanding of PFK 

regulation can be used to develop new types of treatments.  
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