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Glk1p, an actin-like metabolic enzyme that forms glucose regulated filaments 

 

 

by 

 

 

Phillip Kyriakakis 

 

Doctor of Philosophy in Biology with Specialization in Multi-scale Biology 

 

University of California, San Diego, 2014 

 

Professor James Wilhelm, Chair 

 

 

While many types of enzymes have an actin fold, the ability to polymerize 

have always been thought to be a defining feature of cytoskeletal actins. Here, I 

have identified in vivo conditions that cause the yeast glucokinase, Glk1p, to form 

filaments. This polymerization is highly regulated and readily reversible. It has 

been argued that phosphotransferases evolutionarily predate actin-fold proteins,  
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such as cytoskeletal actins that do not transfer a phosphate to a substrate. 

Therefore, the discovery that the actin-fold phosphotransferase, Glk1p, can 

polymerize argues that cytoskeletal actins evolved from metabolic enzymes that 

polymerize to form filaments.  
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Chapter 1: Introduction 
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The origins of the cytoskeleton have long been an area of interest for cell 

biologists. Initially, one of the main drivers was the belief that the cytoskeleton 

was unique to eukaryotes and that it served to expand the cell biological 

repertoire of cellular functions compared to prokaryotes. This biased view of 

bacterial cell biology, however, was overturned by the discovery of bacterial 

tubulins and actins, along with the wide variety of cellular processes in which they 

participate. While the discovery of ancient bacterial tubulins and actins revealed 

a surprising diversity in the dynamics and regulation of these polymers, it has left 

open the question of their evolutionary origin (Ozyamak et al., 2013). 

 Structural studies revealing that a diverse set of proteins comprising of 

glycerol kinase, acetate kinase, hexokinase, hsp70, and actin, all shared a 

common structural element, the actin-fold, gave fundamental insights into the 

origin of the cytoskeleton (Bork et al., 1992; Buss et al., 2001; Buss et al., 1997; 

Flaherty et al., 1991; Kabsch and Holmes, 1995). The three dimensional structure 

of all actin folds consist of two domains that are likely the result of the gene 

duplication of a single domain protein that later fused to form the fold (Kabsch 

and Holmes, 1995). As observed in hexokinases, a single domain likely bound 

ATP on its own and the duplication-fusion event increased its affinity for ATP by 

surrounding it using both domains.  

In addition to structural similarities, all actin-fold proteins bind and 

hydrolyze ATP, and the way in which the two domains open and close around 

this active site depends on ATP hydrolysis; even the mechanics of these proteins 
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are conserved (Chik et al., 1996; Gerstein et al., 1994; Kabsch et al., 1990). It is 

therefore likely that all actin-fold proteins evolved from a common ancestor. The 

ancestral ATP-binding actin fold protein would have later been able to evolve its 

other specialized functions (polymerization, cellular structure, protein folding, and 

phosphorylating carbon (acetate/glycerol/glucose etc.)).  

Actin is one of the most evolutionarily ancient proteins (Doolittle, 1992) 

and its physical and biochemical properties have been extensively characterized. 

A basic model for actin polymerization is one where the ATP bound form of actin 

nucleates and polymerizes into a filament. In this model, the filament stability is 

regulated through ATP hydrolysis into ADP+Pi, then by phosphate release 

leaving ADP in the active site (Figure 1). In this model, it is evident how 

enzyme/ATPase activity is linked to filament assembly and disassembly. The 

actin monomer is polarized, such that in the filament there is a barbed end where 

ATP bound monomers are added to the filament and a pointed end where the 

ADP bound monomers dissociate from the filament (Pollard, 1986; Vavylonis et 

al., 2005). Though all of these details are known, it is unclear if the 

enzyme/ATPase activity evolved to regulate polymerization first or if an ATPase 

later evolved the ability to polymerize. 

Species that existed billions of years ago utilized another actin fold protein, 

acetate kinase, to obtain energy from amino acids and other available carbon 

sources in the early earth environment (Buss et al., 2001; Buss et al., 1997; 

Hesslinger et al., 1998). The requirement of acetate kinases to obtain energy 
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from the environment supports the hypothesis that they are among the most 

primordial actin-fold enzymes. 

 A secondary structure element found in acetate kinase is present within 

all metabolic enzymes in this superfamily, excluding the ATPases like actin, 

which do not transfer a phosphate to another substrate (Buss et al., 2001). 

Acetate kinases are also present in nearly every anaerobe in the Bacteria and 

Archaea domains of life (Buss et al., 1997). The presence of acetate kinases so 

far back in history as well as the structural and regulatory similarities of actin-fold 

proteins raises the question: did actin evolve from an ancestral metabolic enzyme 

that acquired the ability to polymerize or did actin branch off from this family 

before they acquired the ability to polymerize (Figure 2)? Since 

phosphotransferases are the oldest actin-fold proteins and actin does not contain 

this element, enzymes like Glk1p are direct descendants of acetate kinase. 

Therefore, ability for Glk1p to polymerize into filaments suggests, that actin and 

Glk1p both evolved from a common ancestor that both transferred a phosphate 

to a substrate and polymerized.  
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Figure 1: A basic model for actin polymerization. 
ATP bound actin binds to the barbed end of the filament where it is incorporated. 

While part of the filament, it hydrolyses the ATP into ADP and Pi, followed by 

release of the phosphate. ADP actin in the pointed end is less stably bound to 

the filament and eventually disassociates from it. After nucleotide exchange, the 

monomer is competent to reincorporate into the filament. The rate at which 

monomers add and disassociate from the barbed and pointed end determine if 

the filament grows or shrinks.  
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Figure 2: Two models for the evolution of actin fold proteins that polymerize 
to form intracellular filaments.  
Model 1: A common ancestor protein acquired the ability to bind ATP and transfer 

the gamma phosphate from ATP to a substrate, such as acetate, then acquired 

the ability to polymerize. This is followed by an evolutionary split where one class 

specialized in polymerizing and the others remained as kinases.  

Model 2: A common ancestor that bound ATP then some proteins evolved to form 

polymers and other as kinases that later acquired the ability to polymerize.  

(Adapted from Bork et al. 1992)  
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Recent studies that found multiple metabolic enzymes that undergo 

regulated polymerization uncovered a new approach to finding the answer to this 

question (Narayanaswamy et al., 2009; Noree et al., 2010; Petrovska et al., 

2014). If the ability to polymerize is also a feature of a subset of actin-fold 

metabolic enzymes that suggests the ability to polymerize may have existed 

before the actin split from metabolic enzymes. Here, I describe a screen in the 

yeast Saccharomyces cerevisiae to identify actin-fold-containing metabolic 

enzymes that are capable of regulated polymerization. One of these enzymes, 

Glk1p, can form filaments that undergo regulated assembly and disassembly and 

are not associated with known structures or organelles. Additionally, I have found 

that both the glucose binding site and ATP binding site are necessary for Glk1p 

to form filaments. I will demonstrate that Glk1p polymerizes in response to the 

buildup of its products, glucose-6-phosphate or glucose-6-phosphate+ADP. I 

have also identified simple modifications to the Glk1p protein that increases the 

sensitivity of its polymerization in response to glucose. The fact that this behavior 

can be influenced by simple modifications suggests that the evolutionary path for 

moving from a metabolic enzyme to a cytoskeletal polymer might be easier than 

previously thought. 
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Chapter 2: Identification of an actin-fold containing metabolic 
enzyme that undergoes regulated polymerization  
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Identification of an actin-fold metabolic enzyme, Glk1p, that forms 

regulated filaments in yeast 

 In yeast, several metabolic enzymes contain an actin-fold. Based on 

percent sequence identity and overall size, the actin-fold enzymes most closely 

related to yeast actin are the hexokinases, Hxk1p (12.4%ID) and Hxk2p 

(9.9%ID), glucokinase Glk1p (12.3%ID), and the glucokinase-like protein Emi2p 

(10.0%ID). Since polymerization of many metabolic enzymes in yeast is triggered 

by nutrient limitation (Narayanaswamy et al., 2009; Noree et al., 2010; Petrovska 

et al., 2014), I compared the subcellular localization of these enzymes under 

nutrient rich and nutrient poor conditions. Yeast strains in which a single actin-

fold enzyme was epitope tagged with HA grew for 24 hours in YPD, then were 

shifted for 30 minutes into rich media containing fresh glucose media (YPD) or 

equivalent media lacking glucose (YP) media. One of the four proteins, Glk1p, 

exhibited filament-forming behavior specifically in YPD. This was not due to 

changes in protein levels since western blots showed protein levels were identical 

in YP and YPD (Figure 3A-3E). Since only one of these proteins formed filaments 

in these conditions, I decided to focus my efforts on characterizing filament 

formation by Glk1p.  
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Figure 3: Screening actin-fold proteins for filament formation.  
(A-D) Actin-fold metabolic enzymes were tagged with HA at the endogenous 

locus, grown for 24 hours, and then shifted into YP or YP+glucose (YPD) for 30 

minutes. (E) Protein samples from these shifts were run on a 10% SDS-PAGE 

gel and western blotted to check for expression and compare protein levels 

between YP and YPD shifts.  

Scale bars = 3um   
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Glk1p-HA filaments are not localized to known intracellular structures 

To explain the discovery that Glk1p forms filaments I considered two 

possibilities. Either Glk1p monomers polymerize to form filaments or they bind to 

filaments of other proteins or subcellular structures. To distinguish between these 

two possibilities, I used colocalization studies. Specifically, I compared the 

localization of Glk1p filaments to other intracellular structures known to have a 

filamentous appearance or structures known to physically interact with 

hexo/glucokinases. In specific conditions, some hexo/glucokinases have been 

shown biochemically to associate with or become organized into linear or tubular 

structures through their interaction with mitochondria, actin or tubulin (Araiza-

Olivera et al., 2013; Baltrusch and Lenzen, 2007; Calmettes et al., 2013; 

Gimenez-Cassina et al., 2009; Gotz et al., 1999; Ovadi and Srere, 2000; Rose 

and Warms, 1967). Therefore, I used immunofluorescence to determine if Glk1p 

associates with these structures. For this analysis, cells expressing HA tagged 

Glk1p (JWY325) from the endogenous locus and JWY325 transformed with 

mitochondrial GFP (pVTU-102-mitoGFP; JWY-314) were grown for 24 hours, 

shifted into YPD then probed for HA+GFP, HA+actin, or HA+tubulin. Glk1p did 

not colocalize with actin, tubulin, or mitochondrial structures (Figure 4A-4C). 

Furthermore, because all filaments found in our lab’s previous screen of 

metabolic enzymes  (Noree et al., 2010) and in the screen by Narayanaswamy et 

al. (2009) disassemble in these conditions, they cannot form the basis for Glk1p 

filament formation.  Taken together, these results are consistent with the 
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hypothesis that Glk1p alone can form filaments and that these filaments 

represent a novel intracellular structure.  
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Figure 4: Glucokinase filaments do not colocalize with related structures.  
(A-C) Cells expressing HA tagged Glk1p or mitochondrial GFP with HA tagged 

Glk1p grew for 24 hours in YPD followed by a 30-minute shift into fresh YPD. (A) 

Glk1p filaments were immunostained with the HA antibody and mitochondrial-

GFP was immunostained with the GFP antibody. (B) Glk1p filaments were 

immunostained with the HA antibody and actin was immunostained with the actin 

antibody. (C) Glk1p filaments were immunostained with the Glk1p antibody and 

tubulin was immunostained with the tubulin antibody.  

Scale bars = 3um 
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Untagged Glk1p forms filaments in wild-type cells 

I identified Glk1p filaments using a tagged form of Glk1p, however, the 

ability and localization for actins and metabolic enzymes to polymerize can be 

affected by epitope tagging at the C-terminus (Orlova and Egelman, 1995; 

Ozyamak et al., 2013; Petrovska et al., 2014). To rule out that the Glk1p filament 

formation I had observed was an artifact of adding an epitope tag to the C-

terminus, I generated an antibody specific to native Glk1p (Figure 5). This 

antibody was used to probe endogenous Glk1p in wild-type cells (JWY470) 

grown for 24 hours or 5 days prior to shifting into YPD, YP, water+glucose or 

water for 30 minutes. I scored filament formation as the percentage of cells 

containing filaments in each image (Figure 6B and 6B).  

To assess the significance of any change in filament frequency under 

these shift conditions (no shift, YPD, YP, water+glucose, and water) after 24 

hours or 5-days growth, I conducted two separate one-way Repeated Measures 

ANOVA, followed by a Tukey post-hoc multiple comparison test. After 24 hours 

of growth, there was a significant increase in filament formation in cells shifted 

into water+glucose compared to non-shifted (p<0.01), as well as in 

water+glucose shifts compared to shifting into water alone (p < 0.05) (Table 1). 

After 5 days of growth there was also a significant increase in filament formation 

between water+glucose shifted and non-shifted cells (p < 0.001) as well as 

between water+glucose compared to shifting into water (p < 0.001) (Table 2). 
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Thus, untagged Glk1p forms filaments and does so under glucose-specific 

conditions.  

As with HA-tagged Glk1p, I compared the intracellular localization of 

untagged Glk1p filaments in the wild-type cell’s mitochondrial, actin and tubulin 

structures. For this comparison, I grew cells for 5 days prior to shifting into YPD 

and immunostaining. The resulting filaments were similar in appearance to HA-

tagged Glk1p filaments and were independent of related structures (Figure 6C-

6E).  

Unlike HA-tagged Glk1p, few filaments formed with endogenous Glk1p 

when wild-type cells were shifted into YPD. This raised the possibility that 

filament formation by untagged Glk1p is triggered not by glucose per se, but 

rather by a change in osmolarity. To address this possibility, I searched the 

literature to determine the osmolarity of the different media used. I found that 

YPD, YP, water+glucose and water have osmolarities of 270 mOSM, 159 mOSM, 

111 mOSM and 0 mOSM respectively (Gualtieri et al., 2004). Therefore, there is 

no correlation between osmolarity and filament formation.  

An alternative explanation for the differences in filament formation 

between growth conditions are that the protein levels are distinct in cells shifted 

to different media. In analyzing protein extracts from these experiments using 

western blots, I found that there was no difference in protein levels between each 

shift condition. Thus, filament formation was not due to differences in protein 

levels (Figure 6A and 6B).  
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Together, these data argue that glucose regulates filament formation of 

Glk1p. The fact that shifting into YPD does not induce as much Glk1p filament 

formation as a shift into water+glucose could reflect an effect of a component of 

YP. To dissect Glk1p filament regulation I decided to probe filament formation of 

untagged Glk1p by using several orthogonal approach.  
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Figure 5: Glk1p antibody validation. 
(A) Western blot showing untagged and tagged Glk1p expressed from the 

endogenous locus with the Glk1p antibody. (B) Comparison of filament 

localization using an HA antibody and the Glk1p antibody. (C) Comparison of 

Glk1p staining in YPD with Glk1p-L3HA (JWY325) strain and ΔGLK1 strain 

(JWY333). Microscope settings during acquisition and image processing were 

the same between the two strains for Glk1p and tubulin imaging. Scale bars = 

3um  
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Figure 6: Untagged Glk1p forms glucose responsive filaments. 
(A-B) Wild-type (JWY470) cells, containing untagged Glk1p, were grown for 24 

hours (A) or 5 days (B) then shifted into indicated conditions. (C-E) Wild-type cells 

or cells expressing   mitochondrial GFP (JWY537, containing untagged Glk1p) 

were grown for 5 days in YPD followed by a 30-minute shift into fresh YPD. (C) 

Glk1p filaments were immunostained with the Glk1p antibody and mitochondrial-

GFP was immunostained with the GFP antibody. (D) Glk1p filaments were 

immunostained with the Glk1p antibody and actin was immunostained with the 

actin antibody. (E) Glk1p filaments were immunostained with the Glk1p antibody 

and tubulin was immunostained with the tubulin antibody.  

glk = anti-glk1p, tub = anti-tubulin. Scale bars = 3um, Error bars = SEM.
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Table 1: ANOVA table for 24-hour shift experiment from figure 6. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below.  

 

NS 284

YPD 203

YP 251

H20+glucose 169

H20 239

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 4 26.68 6.671 5.435 0.0019 **

Within (image samples) 8 10.59 1.324

Residuals 32 39.28 1.227

Total 44 76.55

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD 0.000 0.0000 -1.5100 1.5100

YP 0.000 0.0000 -1.5100 1.5100

H20+Glucose -1.956 ** 5.2980 -3.4670 -0.4462

H20 -0.146 0.3959 -1.6560 1.3640

YPD YP 0.000 0.0000 -1.5100 1.5100

H20+Glucose -1.956 ** 5.2980 -3.4670 -0.4462

H20 -0.146 0.3959 -1.6560 1.3640

YP H20+Glucose -1.956 ** 5.2980 -3.4670 -0.4462

H20 -0.146 0.3959 -1.6560 1.3640

H20+Glucose H20 1.810 ** 4.9020 0.3000 3.3200

* p< 0.05; **p<0.01;***p<0.001

3 independent experiments

# of cells counted

95% Confidence Interval
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Table 2: ANOVA table for 5-day shift experiment from figure 6. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 
 

NS 907

YPD 503

YP 846

H20+glucose 919

H20 729

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 4 567.6 141.9 43.67 < 0.0001***

Within (image samples) 11 33.79 3.072

Residuals 44 143 3.249

Total 59 744.3

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD -0.9600 1.845 -3.055 1.135

YP 0.2272 0.4367 -1.8688 2.323

H20+Glucose -7.9520 *** 14.88 -9.837 -5.647

H20 0.2102 0.4039 -1.885 2.305

YPD YP 1.1870 2.281 -0.9081 3.283

H20+Glucose -6.782 *** 13.03 -8.877 -4.687

H20 1.1700 2.249 -0.9252 3.265

YP H20+Glucose -7.9520 *** 15.31 -10.06 -5.874

H20 -0.0171 0.0329 -2.112 2.078

H20+Glucose H20 7.9520 *** 15.28 5.857 10.05

* p< 0.05; **p<0.01;***p<0.001

4 independent experiments

# of cells counted

95% Confidence Interval
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Glk1p polymerization is concentration dependent 

Actin monomer concentration regulates actin polymerization. When ATP 

bound actin monomers reach their critical concentration they polymerize to form 

filaments (Carlier et al., 1985; Pollard, 1984; Pollard, 1986). Because of the 

structural and mechanistic similarities between Glk1p and actin, I predicted that 

increasing intracellular Glk1p concentration by overexpression would increase 

Glk1p polymerization into filaments in response to glucose. To determine if the 

concentration of Glk1p alters the conditions that trigger Glk1p polymerization, I 

over-expressed Glk1p from a 2 micron plasmid under control of the HXT7 

promoter (pJW538) that maintains high expression of Glk1p after several days of 

growth (Figure 7A) (Vickers et al., 2013). Expression levels varied between 

individual cells depending on the copy number of the plasmid present in the cell 

(Walsh et al., 1983). Due to camera saturation, I could not quantify every cell in 

a field of view using the same microscope acquisition settings. Because I was 

interested in the effects of the overexpression of the untagged protein, I only used 

the high expressing cells in this assay.  

To test the effect of Glk1p monomer concentration on filament formation, 

three Glk1p overexpression strains (JWY567, JWY568, JWY569) were grown for 

24 hours prior to shifting into YPD and YP; conditions in which almost no filaments 

were found at endogenous expression levels. In contrast, after scoring fifty fields 

of view for each condition I found that, on average 6.0% non-shifted (NS) cells 

formed filaments in cultures growing for 24 hours and 4.9% of cells formed 



22 

 

 
 

filaments when shifted into YP for 30 minutes. When these strains were shifted 

into YPD for 30 minutes after growing for 24 hours, 24.5% of cells contained 

Glk1p filaments. Repeated Measures ANOVA and Tukey post hoc tests revealed 

that the percentage of cells containing filaments in each image was significantly 

higher in YPD than NS and YP shifted cells (p<0.0001)(Figure 7B)(Table 3). 

Notably, the filament network in these cells was extensive often with a thick band 

of Glk1p filaments forming along the plasma membrane and around the nuclear 

envelope. (Figure 7C). Since Glk1p normally cannot form filaments under these 

conditions, this result suggests that, like actin, high levels of Glk1p sensitizes it 

to polymerize into filaments in response to glucose.  
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Figure 7: Glk1p polymerization is concentration dependent. 
(A) Untagged Glk1p is overexpressed from a 2μm plasmid. Protein levels were 

tested after 24 hours of growth and 30 minute media shifts. (B) Quantification of 

filament formation frequency of cells overexpressing untagged Glk1p after 24 

hours of growth and after 30-minute shifts into YP or YPD. (C) Images from 

overexpression experiments show Glk1p forming large filaments sometimes 

localizing around the nucleus and cortex of the cell after shifting into YPD.   

glk = anti-glk1p, tub = anti-tubulin. Scale bars = 3um, Error Bars = SEM. 
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Table 3: ANOVA table for Glk1p overexpression - 24-hour shift experiment 
from figure 7. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

 

 
 

  

NS 684

YPD 1296

YP 596

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 2 12130 6066 42.96 < 0.0001***

Within (image samples) 49 7577 154.6

Residuals 98 13840 141.2

Total 149 33550

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD -18.4900*** 11 -24.16 -12.83

YP 1.1200 0.6668 -4.546 6.787

YPD YP 19.6100 *** 11.67 13.95 25.28

* p< 0.05; **p<0.01;***p<0.001

5 independent experiments

# of cells counted

95% Confidence Interval
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Identification of a specific metabolic state that triggers Glk1p 

polymerization 

Previous work has implicated both substrate binding and end product 

inhibition in driving the polymerization of metabolic enzymes (Noree et al., 2014; 

Petrovska et al., 2014). Similarly, the critical concentration of actin depends on 

whether it is bound to its substrate (ATP) or products (ADP+Pi) (Carlier et al., 

1985; Pollard, 1984; Pollard, 1986). I therefore reasoned that metabolic 

perturbations that cause the accumulation of substrate or products of Glk1p might 

be a trigger for filament formation. In order to determine if blocking glycolysis 

triggers polymerization or to delineate which metabolites in glycolysis trigger 

polymerization, I introduced blocks at different levels in the pathway (Figure 8A). 

To generate strains with a particular block, I knocked out the enzyme that 

performs that specific metabolic step in the wild-type strain (containing untagged 

Glk1p). As a control, I first tested whether blocking glycolysis without product 

accumulation is a sufficient trigger for polymerization.  

To block glycolysis such that glycolytic products would not accumulate 

after a media shift into glucose, I introduced a lesion four metabolic steps after 

Glk1p in the form of a mutation that deletes phosphoglycerate kinase (PGK1). 

PGK1p acts three steps after phosphoglucoisomerase (PGI1p). Therefore, a 

strain lacking PGK1 will be defective for glycolysis, but has available several 

avenues by which glycolytic metabolites are shunted into other pathways. Upon 

shifts into high glucose conditions, this strain would not be expected to 
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accumulate high levels of metabolites downstream of Glk1p. Data with untagged 

Glk1p show that cells grown for 5 days more readily form filaments than cells 

grown for 24 hours, therefore I tested these mutants in the 5-day growth 

condition. If blocking glycolysis is a sufficient trigger for filament formation, then 

shifting this mutant into glucose (YPD) or fructose (YPF) for 30 minutes should 

induce more filament formation than in the wild-type strain. I observed filament 

formation in less than 1% of PGK1 cells for all media conditions tested, which 

were not significantly different from wild-type (Figure 8B, Table 4-5). Thus, merely 

blocking glycolysis has no effect of Glk1p filament assembly.  

I next wanted to test if the accumulation of hexose phosphates, generated 

by a block further upstream in glycolysis, can trigger filament assembly of 

untagged Glk1p (Boles and Zimmermann, 1993; Breitenbachschmitt et al., 1984; 

Corominas et al., 1992; Gancedo and Gancedo, 1979; Lobo, 1984; Maitra, 1971; 

Maitra and Lobo, 1971; Navon et al., 1979).  Glk1p binds glucose-6-phosphate 

and can bind fructose-6-phosphate to some degree (glucose Km 0.03 versus 

fructose Km 30) (Lobo and Maitra, 1977a), therefore I chose a mutant in which 

the glycolysis block would lead to the accumulation of both products after shifting 

into fresh media. I decided against blocking the phosphofructokinase step 

because there are four phosphofructokinases in yeast (PFK1, PFK2, PFK26, 

PFK27). Instead, I thought that it was better to knock out fructose bisphosphate 

aldolase (FBA1), since a single genetic modification is sufficient to block the 

pathway and accumulate hexose phosphates when shifted into fructose of 
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glucose (Boles and Zimmermann, 1993; Lobo, 1984). If substrate binding is the 

dominant trigger for polymerization then, due to the 1000 fold difference in each 

sugar’s affinity for Glk1p, there should large differences in the ability for the two 

sugars to induce assembly. Alternatively, glucose-6-phosphate or glucose-6-

phosphate+ADP may be a more dominant trigger for filament formation. Glucose-

6-phosphate and fructose-6-phosphate are reversibly isomerized by Pgi1p 

(Figure 8A), therefore adding either glucose or fructose results in glucose-6-

phosphate accumulation in this mutant (Boles and Zimmermann, 1993; Lobo, 

1984). If glucose-6-phosphate or glucose-6-phosphate+ADP are the main 

triggers for polymerization, shifting into either glucose or fructose would induce 

filament assembly at similar levels. While the ΔFBA1 strain exhibited a clear 

increase in filament formation in response to glucose (1.0%NS vs 8.8%YPD) and 

fructose (1.0%NS vs 6.9%YPF), there was no significant difference between 

shifts into glucose (YPD) or fructose (YPF) (Figure 8B and Table 4-5). This result 

suggests that Glk1p filament formation is triggered by the products of the 

reactions and not by its substrates.  

Since they fructose-1,6-bisphosphate, fructose-6-phosphate, or glucose-

6-phosphate all accumulate during these shift conditions, the observation that 

glucose and fructose were able to induce filament formation in the ΔFBA1 strains 

does not distinguish between these metabolites as a trigger for polymerization 

(Figure 8A). To find which of these metabolites have a role in triggering 

polymerization into filaments, I blocked the first step after the Glk1p reaction, an 
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isomerization reaction performed by Pgi1p that reversibly isomerizes glucose-6-

phosphate into fructose-6-phosphate (Figure 8A). If glucose-6-phosphate or 

glucose-6-phosphate+ADP is indeed a trigger for filament formation, then only 

glucose and not fructose shifts (which bypass the Pgi1p lesion) would induce 

filament formation. Five day growth/shift experiments with the ΔPGI1 strain, 

showed that shifts into glucose increased filament formation from a baseline of 

non-shifted (NS) cells at 7.3% to 25.5% in glucose shifted (YPD) cells and that 

shifts into fructose (YPF) (2.8%) did not significantly change the amount of 

filaments (Figure 8B and Table 4-5).  

The scale of the response to glucose was significantly lower in the ΔFBA1 

strain than that observed in the ΔPGI1 (4.1% vs 17.4%). Thus, the position of the 

block in glycolysis relative to glucose 6-phosphate has a strong effect on the level 

of filament formation that we observe in response to glucose treatment.  
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Table 4: 2-Way ANOVA for pathway mutant experiments from figure 8. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

 

  

Media NS YPD YPF

Strain Cell # Cell # Cell #

WT 1313 1070 1665

ΔPGK1 1274 1609 1325

ΔFBA1 1458 1597 1554

ΔPGI1 8368 8247 8372

Two-way ANOVA

Source of Variation % of total variation P value

Interaction 19.32 < 0.0001

Knock out 21.76 < 0.0001

Media 6.33 < 0.0001

Source of Variation Df Sum-of-squares Mean square F

Interaction 6 5661 943.5 23.89

Knock out 3 6376 2125 53.8

Media 2 1855 927.4 23.48

Residual 255 10070 39.5
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Table 5: Bonferroni posttests for pathway mutant experiments from figure 
eight. Cells were scored as the percentage of cells containing filaments in each 

image. Therefore, then value represents the number of images scored. The total 

number of cells scored is also indicated below. 

 

Bonferroni posttests

WT vs PGI KO

Media WT PGI KO Difference Lower Bound Upper Bound

No Shift 0 7.304 7.304 2.017 12.59

YPD 0.6428 25.45 24.81 19.52 30.10

YPF 0.2 2.775 2.575 -2.712 7.862

Media Difference t P value Summary

No Shift 7.304 3.864 P<0.001 ***

YPD 24.81 13.12 P<0.001 ***

YPF 2.575 1.362 P > 0.05 ns

WT vs FBA KO

Media WT FBA KO Difference Lower Bound Upper Bound

No Shift 0 1.038 1.038 -4.796 6.872

YPD 0.6428 8.782 8.14 2.306 13.970

YPF 0.2 6.91 6.71 0.877 12.540

Media Difference t P value Summary

No Shift 1.038 0.4977 P > 0.05 ns

YPD 8.14 3.902 P<0.001 ***

YPF 6.71 3.217 P<0.01 **

WT vs PGK KO

Media WT PGK KO Difference Lower Bound Upper Bound

No Shift 0 0 0 -7.411 7.411

YPD 0.6428 0.3968 -0.246 -7.657 7.165

YPF 0.2 0.1812 -0.01886 -7.430 7.393

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -0.246 0.09282 P > 0.05 ns

YPF -0.01886 0.007119 P > 0.05 ns

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval
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Using the ΔPGI1 mutant, I also observed an increase in filament formation 

when cells were shifted into YP (low glucose conditions) compared to non-shifted 

cells (Figure 9A). There are at least four possible sources of glucose-6-phosphate 

that may be responsible for the filament formation in YP. First, yeast synthesize 

trehalose and glycogen from glucose-6-phosphate. After nutrients in media are 

depleted over several weeks, yeast slowly degrade them back into glucose or 

glucose-6-phosphate. In fact, yeast cells can accumulate glycogen and trehalose 

as up to 23% of their dry weight (Lillie and Pringle, 1980).  Shifts into YP may 

supply all nutrients needed for growth except for glucose, signaling for those 

glucose stores to break down into glucose and glucose-6-phosphate, inducing 

filament formation (Parrou et al., 1999). Another possible source comes from the 

carbohydrates in yeast extract. Yeast extract contains 16% carbohydrates (BD 

Bionutrients
TM

 Technical Manual) and yeast express enzymes, such as invertase, 

glucoamylases, and glucanases (Nurminen et al., 1970) that break down 

carbohydrates in yeast extract (Mrsa et al., 1993). Some of these enzymes 

localize in the periplasm, between the cell wall and plasma membrane, and 

specifically break down sugars present in the cell wall into glucose (Eddy, 1958). 

Thus a third possible source of intracellular glucose-6-phosphate during YP shifts 

could be from the cell breaking down carbohydrates in its own cell wall during a 

shift into rich media lacking glucose  (Macwilli.Ic, 1970; Mrsa et al., 1993). 

Another source of glucose-6-phosphate could be other glucogenic metabolites, 

such as some of the amino acids present in YP. During starvation, cells digest 
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amino acids to make glucose-6-phosphate. Therefore induction of filament 

formation by YP does not rule out that glucose-6-phosphate is the trigger for 

polymerization. 

 In addition to the ΔFBA1 and ΔPGI1 strains, strains with the HA tagged 

Glk1p can also be induced to form filaments from shifting into YP. As expected if 

one of the aforementioned sources of intracellular glucose-6-phosphate were 

triggering filament formation, YP is only able to trigger assembly only after the 

Glk1-LHA strains are starved for 5 days (Figure 9B). Cells shifted after 24 hours 

of growth or during log phase growth (non-starved cells) do not form filaments 

when shifted into YP (Figure 9B and Tables 6-7). Furthermore, in the ΔPGI1 

mutant, shifting into fructose (YPF) does not induce filament formation, yet YPF 

also contains YP. Therefore, it is likely that YP introduces some source of 

intracellular glucose in starved cells and the effect of fructose in YPF shifted 

ΔPGI1 mutants inhibits this effect. This inhibition may be due to fructose allowing 

the cells to reenter the cell cycle and most of the glucose-6-phosphate is used 

for cell growth.  
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Figure 9: YP induces filament formation in starved cells. 
(A-B) Cells sensitized to form filaments by blocking glycolysis or by HA tagging 

form them when starved then shifted into YP. (A) Wild-type cells or metabolic 

mutants were shifted into YP after 5 days of growth. (B) Cells shifted from log 

phase, after 24 hours of growth or after 5 days of growth were shifted into YPD 

or YP. YP does not induce filament formation in log phase where nutrients are 

plentiful or after 24 hours of growth when cells start to run out of nutrients. In 

starved cells (after 5 days), YP is able to induce filament formation of tagged 

Glk1p.  

glk = anti-glk1p, tub = anti-tubulin. Scale bars = 3um Error bars = SEM 
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Table 6: Summary of YP counts in pathway mutants and 2-Way ANOVA for 
log phase YP experiments from figure 9. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

 

 

 

Pathway knockout

Media YP

Strain Cell #

WT 1055

ΔPGK1 1276

ΔFBA1 1440

ΔPGI1 8207

Glk1-LHA log phase shifts
9 independent experiments

# of cells counted

NS 1589

YPD 1730

YP 1658

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 2 2760 1380 3.5 0.0009

Within (image samples) 17 1275 75.02 0.0009

Residuals 34 728.8 21.43

Total 53 4765

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD 4.361 * 3.996 0.5763 8.146

YP 16.87 *** 15.46 13.09 20.65

YPD YP 12.51 *** 11.46 8.72 16.29

* p< 0.05; **p<0.01;***p<0.001

95% Confidence Interval
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Table 7: Bonferroni posttests for 24hr and 5-day experiments from figure 
nine. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 
 

 

Glk1-LHA 24hr shifts
9 independent experiments

# of cells counted

NS 1569

YPD 1525

YP 1327

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 2 36290 18140 1.374 0.2095

Within (image samples) 17 384.1 22.59

Residuals 34 558.9 16.44

Total 53 37230

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q Confidence Interval

Lower Bound Upper Bound

NS YPD -54.56 *** 57.1 -57.88 -51.25

YP 0.8486 0.888 -2.466 4.163

YPD YP 55.41 *** 57.98 52.10 58.72

Glk1-LHA 5 day shifts
4 independent experiments

# of cells counted

NS 733

YPD 658

YP 702

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 2 25160 12580 96.81 < 0.0001

Within (image samples) 11 1624 147.6

Residuals 22 2858 129.9

Total 35 29640

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q Confidence Interval

Lower Bound Upper Bound

NS YPD -64.74 *** 19.68 -76.44 -53.05

YP -33.27 *** 10.11 -44.96 -21.57

YPD YP 31.48 *** 9.567 19.78 43.18

* p< 0.05; **p<0.01;***p<0.001
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Regulation of filament formation is tunable by modifications at the C-

terminus 

I observed a significant difference in the frequency of filament formation 

for Glk1p and Glk1p-HA, raising questions about how the tag was affecting 

filament formation. The critical concentration of actin polymerization is regulated 

by substrate binding to ATP or ADP, and tagging actin at the C-terminus is known 

to alter how these substrates affect the critical concentration of actin (Pollard, 

1984; Pollard, 1986). The C-terminus of glucokinases are also part of an 

enzymatic regulatory site that influences substrate binding (Huang et al., 2013; 

Liu et al., 2012; Osbak et al., 2009; Pedelini et al., 2005; Sayed et al., 2009; 

Zhang et al., 2006). Thus, it is possible that changes analogous to actin affects 

Glk1p filament formation. In agreement with that possibility, our lab found in its 

original screen of metabolic enzymes, that C-terminally GFP-tagged-Glk1p 

structures formed foci instead of the filaments. Petrovska et al. also showed that 

an EGFP tag caused a filamentous protein, glutamine synthase (Gln1p), to form 

foci. In contrast, tagging Glk1p with HA increased filament formation compared 

to no tag or GFP. Therefore it is possible that in contrast to Petrovska et al., (in 

which the foci were shown to form from a GFP-tag specific artifact) that the HA 

tag on Glk1p was somehow directly affecting the protein’s regulation of 

polymerization.  

To further elucidate how the tag influences polymerization, I synthesized 

the DNA for several C-terminal tags. Using this DNA, I generated strains with 
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either GLK1 fused to a linker, linker-1xHA (LHA), linker-3xHA (L3HA, used in the 

original actin-fold screen), MYC, or linker-1xMYC (LMYC) at the endogenous 

locus (Figure 10A). This allowed me to test whether the size of the tag, the linker 

sequence, or the HA sequence itself was responsible for increasing Glk1p 

filament formation. 

I grew the resulting strains for 16 hours, shifted into YPD (high glucose), 

then immunostained them with the Glk1p antibody. Western blots from these 

experiments confirmed that protein levels were not significantly affected by the 

tag or by shifting the cells into fresh YPD. Only two constructs formed filaments 

during shifts into YPD, Glk1-LHA, and Glk1-L3HA (Figure 10B). Because LHA 

and LMYC constructs are equivalent in size, I can conclude that the composition, 

and not just the size of the tag added onto the C-terminus, modulates the effect 

on filament formation. Interestingly, the L3HA had an almost 3-fold increase in 

filament formation compared to LHA tag (74% versus 27% of cells shifted to YPD) 

and this effect was specific to the HA tag constructs with a linker. Together, these 

tests revealed that both the linker and HA are required to increase the 

polymerization into filaments (Figure 10B). These results also indicate that this 

change is specific to the HA sequence since the size equivalent MYC tag 

constructs did not have this effect. The untagged enzyme was capable of forming 

filaments and the increase in filament formation was specific to adding a 6 amino 

acid linker with HA (and not linker only or HA only) to a site known to affect the 

substrate binding of the enzyme (Christesen et al., 2002; Heredia et al., 2006a; 



39 

 

 
 

Liu et al., 2012; Pedelini et al., 2005; Zhang et al., 2006). Therefore, it is highly 

likely that this modification was directly sensitizing the enzyme’s ability to 

polymerize.  

Strains containing modified Glk1p that have different filament formation 

sensitivities provide a means to assay filament formation in more conditions than 

the endogenous enzyme. The strains containing Glk1p-Linker-1xHA (Glk1-LHA) 

formed filaments in 27.5% of cells in an overnight cell culture. Since I would 

ideally want to measure either increases or decreases in filament formation, this 

strain at 27.5%, offers an ideal dynamic range for sensing the effect of changes 

in the environment such as media or the effect of mutations of the enzyme.  

However, instead of the linker+HA tag affecting the regulation of the 

enzyme, it is possible that the HA tag somehow causes Glk1p to misfold and 

become an insoluble/nonfunctional aggregate. Before using this construct to 

assay filament formation, I wanted to see if the tagged enzyme is an 

enzymatically functional protein in vivo. To test this I took advantage of the fact 

that yeast missing all three hexokinases (including Glk1p) cannot grow on 

glucose as a carbon source (Lobo and Maitra, 1977a; Lobo and Maitra, 1977b; 

Walsh et al., 1983). To this end, I knocked out HXK1 and HXK2 from the Glk1p-

LHA strain (JWY325), making Glk1p-LHA the only glycolytic enzyme in the cell 

(JWY 587). This strain grew on glucose almost as well as our wild-type strain 

indicating that HA tagged Glk1p (Glk1p-LHA) is enzymatically functional (Figure 

11). In addition, another indication that Glk1p-LHA is functional is that Glk1p-LHA 



40 

 

 
 

filaments were similar in appearance to untagged Glk1p (Figures 4 and 6), thus I 

chose strains containing Glk1p-LHA (JWY325, JWY326 and JWY505) as 

sensitized reporters of filament formation.  

 

  



41 

 

 
 

  

F
ig

u
re

 1
0:

 R
eg

u
la

ti
o

n
 o

f 
fi

la
m

en
t 

fo
rm

at
io

n
 i

s 
tu

n
ab

le
 b

y 
ta

g
s 

at
 t

h
e 

C
-t

er
m

in
u

s.
 

(
A

)
 

A
li
g
n
m

e
n
t
 

o
f
 

C
-
t
e
r
m

in
a
l 

m
o
d
if
ic

a
t
io

n
s
.
 

(
B

)
 

W
il
d
 

t
y
p
e
 

c
e
ll
s
 

o
r
 

c
e
ll
s
 

e
x
p
r
e
s
s
in

g
 

G
lk

1
p
 

w
it
h
 

C
-
t
e
r
m

in
a
l 

m
o
d
if
ic

a
t
io

n
s
 
w

e
r
e
 
g
r
o
w

n
 
f
o
r
 
1
6
 
h
o
u
r
s
 
t
h
e
n
 
s
h
if
t
e
d
 
in

t
o
 
Y

P
D

 
f
o
r
 
3
0
 
m

in
u
t
e
s
.
 
 

g
lk

 
=

 
a
n
t
i-
g
lk

1
p
,
 
t
u
b
 
=

 
a
n
t
i-
t
u
b
u
li
n
.
 
S

c
a
le

 
b
a
r
 
=

 
3
u
m

.
 
E

r
r
o
r
 
b
a
r
s
 
=

 
S

E
M

 



42 

 

 
 

Table 8: 2-Way ANOVA table for Tag experiments from figure 10. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

  

NS YPD

Strain Cells Cells

Linker 485 514

1xHA 483 423

L-1xHA 346 519

3xHA 317 417

L-3xHA 397 416

1xMYC 537 600

L-1xMYC 352 633

WT 384 229

Two-way ANOVA

Source of Variation % of total variation P value

Interaction 42.86 < 0.0001

Knock out 42.86 < 0.0001

Media 12.26 < 0.0001

Source of Variation Df Sum-of-squares Mean square F

Interaction 7 21740 3105 387.8

Knock out 7 21740 3105 387.8

Media 1 6219 6219 776.7

Residual 128 1025 8.008

Cells counted in Tag experiment
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Bonferroni posttests

WT vs Linker

Media WT Linker Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 0 -1.235 -5.195 2.726

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -1.235 0.9255 P > 0.05 ns

WT vs HA

Media WT HA Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 1.202 -0.03237 -3.992 3.928

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -0.03237 0.0243 P > 0.05 ns

WT vs LHA

Media WT LHA Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 27.54 26.3 22.34 30.26

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD 26.3 19.72 P<0.001 ***

WT vs 3HA

Media WT 3HA Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 1.202 -0.03219 -3.992 3.928

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -0.03219 0.0241 P > 0.05 ns

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval

Table 9: Bonferroni posttest for Tag experiments from figure 10. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored.  
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Table 9, continued: Bonferroni posttest for Tag experiments from figure 10. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored.  
 

 

  

WT vs L3HA

Media WT L3HA Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 73.82 72.59 68.63 76.55

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD 72.59 54.42 P<0.001 ***

WT vs MYC

Media WT MYC Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 0 -1.235 -5.195 2.726

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -1.235 0.9255 P > 0.05 ns

WT vs LMYC

Media WT LMYC Difference Lower Bound Upper Bound

No Shift 0 0 0 -3.960 3.960

YPD 1.235 0.1481 -1.086 -5.047 2.874

Media Difference t P value Summary

No Shift 0 0 P > 0.05 ns

YPD -1.086 0.8144 P > 0.05 ns

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval
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Figure 11: Glk1-LHA is functional. 
Wild type and a strain with LHA tagged Glk1p;ΔHXK1;ΔHXK2 (JWY587) were 

grown to saturation, brought to equal densities in water, then serially diluted and 

frogged onto YPD before growing for 3 days. 
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Glk1p filament formation is dynamically regulated by the presence of 

hexoses and does not require glycolysis 

So far, my experiments suggest that Glk1p filament formation is regulated 

by its products, either glucose-6-phosphate or glucose-6-phosphate+ADP. Using 

the sensitized Glk1p strains, I next wanted to test this by assaying filament 

formation responses in several carbon sources and growth phases. If product 

binding indeed regulates filament formation, then only shifts into Glk1p substrates 

should induce filament formation. To test the effect of different substrates on 

filament formation, I shifted cells into media with glucose (YPD) or fructose (YPF) 

as substrate carbon sources. As controls, I also shifted the Glk1p-LHA strain into 

media with glycerol (YPG) or lactate (YPL), which enter glycolysis/TCA cycle at 

a later point in the pathway. When I grew yeast cells expressing Glk1p-LHA from 

the endogenous locus for 24 hours, few if any filaments were observed. After 

shifting these overnight cultures into fresh media with glucose (YPD) or fructose 

(YPF) as a carbon source, a significant fraction of the cells contained Glk1p-LHA 

filaments, 56.3% in YPD  and 37.3% in YPF compared to non-shifted at 1.7% (p 

< 0.001) (Figure 12A and Tables 10-11). Moreover, as with untagged Glk1p, 

shifting to water+glucose but not water alone, induced filament formation (79.8% 

in water+glucose vs 2.7% in water alone), indicating that filament formation is 

mediated largely by the carbon source (p < 0.001) (Figure 12A and Tables 10-

11). I also found that shifting the Glk1p-LHA strain into media with carbon sources 

that are not substrates for Glk1p only caused a small, but significant increase in 
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filament formation over non-shifted cells or cells shifted into YP (p<0.001) (Figure 

12A and Tables 10-11).   

 The fact that adding fresh glucose was a potent trigger for Glk1p-LHA 

polymerization after the yeast had depleted glucose from the media suggests that 

Glk1p-LHA might also form filaments during log-phase growth when glucose is 

still present. If these filaments were dynamic, cells containing filaments that are 

shifted into conditions lacking glucose should have a lower frequency of filaments 

than non-shifted cells. To test these dynamics, I subjected yeast expressing 

Glk1p-LHA from the endogenous locus that were undergoing log phase growth 

to a series of media shifts. Interestingly, I found that 21.0% of yeast cells growing 

in log-phase cultures indeed contained filaments and that shifts to either YPD 

(16.7%),  or water + glucose (24.0%), had no significant effect on the frequency 

of filament formation (p>0.05) (Figure 12B and Tables 12-13). Moreover, shifting 

log phase cultures into media that either lacked a carbon source (YP or water) or 

contained glycerol or lactate significantly diminished the Glk1p-LHA filaments 

without altering protein levels (p<0.001) (Figure 12B and Tables 12-13). Thus, 

the assembly and disassembly of Glk1p-LHA filaments is highly regulated and 

specifically responsive to the addition of its substrates. Substrate addition into the 

cultures induces polymerization, and changing the conditions by removing the 

substrate (shifting from YPD to YP) disassembles the filament. This result is 

expected if the filaments are in an equilibrium of polymerizing and depolymerizing 
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as is seen with actin treadmilling and where the equilibrium is shifted when 

substrates are added or removed (Small, 1995; Wegner, 1976; Wegner, 1977).   

It is noteworthy that cells grown for 24 hours then shifted into 

gluconeogenic media (YPG or YPL) form some filaments and that growth in YPG 

or YPL should generate glucose-6-phosphate, but not glucose. This result 

suggests that filament formation in vivo does not require glucose and that, in 

agreement with results from the metabolic mutant experiments (Figure 8B), only 

mutants that accumulate glycolytic products formed filaments.  

To further investigate the effects of product accumulation on filament 

dynamics, I took an approach to accumulate glycolytic products that did not rely 

on genetically manipulating the metabolism of the cells. I utilized the glucose 

analog, 2-deoxy-glucose, that can bind and be phosphorylated by glucokinases, 

but cannot be processed any further through glycolysis. As with the PGI1 

metabolic mutants, the products of the glucokinase/hexokinase reaction will 

accumulate during a media shift into 2-deoxyglucose. If sugar product binding is 

a trigger for polymerization, then media shifts into 2-deoxy-glucose will induce 

filament formation in 24 hours cultures and will maintain filaments in log phase 

cultures. Glk1p-LHA strains grown for 24 hours then shifted into 2-deoxy-glucose 

show a significant increase in the number of cells with filaments (Figure 12A and 

Tables 10-11). Log phase Glk1p-LHA containing strains showed no significant 

difference between non-shifted cells growing in glucose, cells shifted into fresh 

glucose media, or cells shifted into media containing 2-deoxyglucose (Figure 12B 
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and Tables 12-13). Thus, these filaments are dynamically responding to glucose 

phosphates and as shown with the PGI1 mutant (Figure 8B), it is likely that 

product binding is the trigger for polymerization.   
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Figure 12: Glk1p-LHA responses to shifts into fermentable or 
gluconeogenic carbon sources. 
(A) Glk1p-LHA strains where grown for 24 hours in YPD then shifted into 

indicated media. (B) Glk1p-LHA strains where shifted from log phase into 

indicated media.  

glk = anti-glk1p, tub = anti-tubulin. Scale bars = 3um, Error bars = SEM 

 

Green indicates conditions with fermentable carbon sources.  

Red indicates conditions with non-fermentable carbon sources 



51 

 

 
 

Table 10: 2-Way ANOVA table for 24-hour shifts into several carbon sources 
from figure 12. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

  

24 hour experiments

NS 1569

YPD 1525

YPF 1368

H20+glucose 1501

YPG 1361

YPL 1327

YP 1604

H20 1350

2DG 1712

ANOVA Table

Source DF SS MS F P

Between (experimental conditions) 8 128000 16000 1.688 < 0.0001

Within (image samples) 17 914.7 53.81

Residuals 136 4334 31.87

Total 161 133300

# of cells counted

6 independent experiments
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Table 11: Tukey posttest for 24 hour shifts into several carbon sources from 
figure 12. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. 

 

 

 

 

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD -54.56 *** 41 -60.51 -48.62

YPF -35.60 *** 26.76 -41.55 -29.66

YPG -9.121 *** 6.855 -15.07 -3.176

YPL -11.49 *** 8.632 -17.43 -5.541

YP 0.8486 0.6377 -5.096 6.793

H2O+glucose -78.11 *** 58.7 -84.05 -72.16

H2O -1.0140 0.762 -6.959 4.931

2DG -57.44 *** 43.17 -63.39 -51.5

YPD YPF 18.96 *** 14.25 13.01 24.9

YPG 45.44 *** 34.15 39.5 51.39

YPL 43.08 *** 32.37 37.13 49.02

YP 55.41 *** 41.64 49.47 61.35

H2O+glucose -23.55 *** 17.7 -29.49 -17.6

H2O 53.55 *** 40.24 47.6 59.49

2DG -2.881 2.165 -8.826 3.064

YPF YPG 26.48 *** 19.9 20.54 32.43

YPL 24.12 *** 18.12 18.17 30.06

YP 36.45 *** 27.39 30.51 42.4

H2O+glucose -42.50 *** 31.94 -48.45 -36.56

H2O 34.59 *** 25.99 28.64 40.53

2DG -21.84 *** 16.41 -27.78 -15.89

YPG YPL -2.365 1.777 -8.31 3.58

YP 9.97 *** 7.492 4.025 15.91

H2O+glucose -68.99 *** 51.84 -74.93 -63.04

H2O 8.107 ** 6.093 2.162 14.05

2DG -48.32 *** 36.31 -54.27 -42.38

YPL YP 12.33 *** 9.27 6.39 18.28

H2O+glucose -66.62 *** 50.07 -72.57 -60.68

H2O 10.47 *** 7.87 4.527 16.42

2DG -45.96 *** 34.54 -51.9 -40.01

YP H2O+glucose -78.96 *** 59.34 -84.9 -73.01

H2O -1.863 1.4 -7.807 4.082

2DG -58.29 *** 43.81 -64.24 -52.35

H2O+glucose H2O 77.09 *** 57.94 71.15 83.04

2DG 20.66 *** 15.53 14.72 26.61

H2O 2DG -56.43 *** 42.41 -62.37 -50.48

* p< 0.05; **p<0.01;***p<0.001

95% Confidence Interval
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Table 12: 2-Way ANOVA table for Log phase shifts into several carbon 
sources from figure 12. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

  

Log phase experiments

NS 1589

YPD 1730

YPF 1489

H20+glucose 1517

YPG 1610

YPL 1658

YP 1624

H20 1242

2DG 1884

ANOVA Table

Source DF SS MS F P

Between (experimental conditions) 8 9145 1143 4.152 < 0.0001

Within (image samples) 17 1597 93.96

Residuals 136 3078 22.63

Total 161 13820

6 independent experiments

# of cells counted
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Table 13: Tukey posttest for log phase shifts into several carbon sources 
from figure 12. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. 

 

 

  

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD 4.3610 3.889 -0.6483 9.731

YPF 8.571 *** 7.644 3.562 13.58

YPG 15.31 *** 13.65 10.3 20.32

YPL 15.88 *** 14.16 10.87 20.89

YP 16.87 *** 15.05 11.86 21.88

H2O+glucose -2.9230 2.607 -7.932 2.086

H2O 17.80 *** 15.88 12.79 22.81

2DG 2.9010 2.587 -2.109 7.91

YPD YPF 4.2100 3.755 -0.7994 9.219

YPG 10.95 *** 9.765 5.94 15.96

YPL 11.52 *** 10.27 6.506 16.53

YP 12.51 *** 11.16 7.499 17.52

H2O+glucose -7.284 *** 6.496 -12.29 -2.275

H2O 13.44 *** 11.99 8.432 18.45

2DG -1.46 1.302 -6.47 3.549

YPF YPG 6.739 ** 6.01 1.73 11.75

YPL 7.306 *** 6.515 2.296 12.32

YP 8.299 *** 7.401 3.289 13.31

H2O+glucose -11.49 *** 10.25 -16.5 -6.485

H2O 9.232 *** 8.233 4.222 14.24

2DG -5.67 *** 5.057 -10.68 -0.6609

YPG YPL 0.5661 0.5049 -4.443 5.576

YP 1.559 1.391 -3.45 6.569

H2O+glucose -18.23 *** 16.26 -23.24 -13.22

H2O 2.492 2.223 -2.517 7.502

2DG -12.41 *** 11.07 -17.42 -7.4

YPL YP 0.9932 0.8858 -4.016 6.003

H2O+glucose -18.8 *** 16.77 -23.81 -13.79

H2O 1.926 1.718 -3.083 6.936

2DG -12.98 *** 11.57 -17.99 -7.966

YP H2O+glucose -19.79 *** 17.65 -24.8 -14.78

H2O 0.9329 0.832 -4.077 5.942

2DG -13.97 *** 12.46 -18.98 -8.96

H2O+glucose H2O 20.73 *** 18.48 15.72 25.74

2DG 5.824 * 5.194 0.8145 10.83

H2O 2DG -14.9 *** 13.29 -19.91 -9.893

* p< 0.05; **p<0.01;***p<0.001

95% Confidence Interval
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The polymerization of Glk1p-LHA requires substrate/product binding 

 The fact that glucose, fructose, and 2-deoxyglucose all induced Glk1p-

LHA polymerization supports the argument that the ability to bind any of the 

substrates/products is essential for polymerization. To determine which substrate 

binding sites were required for Glk1p-LHA to form filaments, I took advantage of 

the extensive structure-function analysis of human glucokinase that identified 

specific mutations that disrupt glucose and/or ATP binding. To delineate the 

effects of the glucose binding site or ATP binding site on polymerization, I first 

introduced mutations known to cause disease in humans, are highly conserved 

(Figure 13), and disrupt ATP binding while having a minimal effect on glucose 

binding.  

Near the active site of glucokinases there is a regulatory region that when 

mutated can have both positive and negative effects on substrate/product 

binding. In the human enzyme, the residue T65 lies in this site and is highly 

conserved. There is evidence from several studies, that the mutation T65I causes 

Hyperinsulinemic Hypoglycemia by decreasing glucokinase-ATP affinity and 

increasing its glucose affinity, leading to a more active enzyme (Gloyn et al., 

2003; Heredia et al., 2006a; Liu et al., 2012; Osbak et al., 2009). Therefore, using 

site directed mutagenesis, I introduced the equivalent mutation (Figure 13) into 

Glk1p (S72I), recombined it into the endogenous locus, and assayed for its ability 

to polymerize in yeast. Specifically, I assayed them by growing the cells for 24 
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hours followed by a shift into YPD. While 40.6% of non-mutated Glk1-LHA cells 

contained filaments, only 2.3% of S72I cells contained filaments after shifting into 

YPD (Figure 14).  

Tyrosine 214 also lies in the same regulatory region in human glucokinase. 

A mutation of this residue, Y214C, also causes Hyperinsulinemic Hypoglycemia 

and has been shown in vitro to lower ATP binding while increasing glucose 

binding (Cuesta-Munoz et al., 2004; Heredia et al., 2006a; Heredia et al., 2006b; 

Liu et al., 2012; Osbak et al., 2009).  With the equivalent mutation in yeast, Y228C 

(Figure 13), I found that filament formation was also almost completely blocked; 

0.1% of cells shifted into YPD contained filaments (Figure 14). Thus, high affinity 

for ATP/ADP binding is required for Glk1p-LHA polymerization.  

Previous studies of human glucokinase identified D205 in directly binding 

glucose. Specifically, the free carboxyl group of D205 forms hydrogen bonds with 

both the 3’ and 6’ hydroxyl groups of glucose (Huang et al., 2013; Liu et al., 2012; 

Mahalingam et al., 1999; Molnes et al., 2008). The D205 residue is completely 

conserved from E. coli to human glucokinase (Figure 13) and a D205A mutation 

has been shown to specifically disrupt glucose binding in human glucokinase 

(Lange et al., 1991; Molnes et al., 2008). Therefore, I introduced the equivalent 

mutation into Glk1p-LHA (D218A) and recombined it into the endogenous locus. 

Using the yeast containing this mutation, I assayed the mutation’s effect on the 

ability of the protein to polymerize. After imaging over 1200 cells with the D218A 
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Glk1-LHA mutant, I did not observe any filaments (Figure 14). This result 

suggests that sugar binding is also required for filament formation. 

If substrate/product binding regulates Glk1p polymerization, mutations in 

the enzyme that increase substrate binding should have the opposite effect on 

polymerization as mutations that decrease substrate binding. Residue A456 in 

human glucokinase has been found to be mutated to A456V in several families 

with Hyperinsulinemic Hypoglycemia. Because of this disease, the mutated 

protein has been extensively studied and found in vitro to have an increase in 

both ATP and glucose binding compared to A456. (Christesen et al., 2002; 

Heredia et al., 2006a; Huang et al., 2013; Liu et al., 2012; Osbak et al., 2009; 

Pedelini et al., 2005; Zhang et al., 2006). The A456 residue is also very highly 

conserved (Figure13). Therefore, I mutated the equivalent amino acid in Glk1p-

LHA (A500V) and assayed the mutant for filament formation. This assay showed 

the A500V mutant had a significantly increased frequency of filaments, 47.8% of 

cells versus 40.6% for WT (p=0.0002) (Figure 14 and Table 14-15).  

It is a concern that when expressing mutant proteins that there are 

significant differences in stability compared to the wild-type protein and that these 

changes could be responsible for the effects in the assay. While one of these 

mutants (Y228C) did have a lower expression level than wild type, the S65I 

mutant has an equivalent effect of substrate binding without the changes in 

protein levels (Figure 14). Thus, these data indicate that the inability of the mutant 

enzymes to form filaments are not from differences in protein levels compared to 
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the un-mutated enzyme. Also when testing the A500V mutant, filaments were 

observed upon shifting into YPD, but the protein levels did not increase between 

the two conditions or between the wild type and mutant strains. Taken together, 

these genetic studies suggest that substrate binding regulates polymerization.  

Mutations that increase sugar binding while having lowered ATP binding 

show that nucleotide binding is required for filament formation. Since sugar 

binding is required to make the conformational changes that make the high 

affinity ATP binding pocket, it follows that sugar binding is also required for 

filament formation. Tests with the sugar binding (D218A) mutant agree with this 

conclusion. The A500V mutant that increases binding of both substrates/products 

further suggests that substrate-binding affinity affects the propensity of Glk1p-

LHA to polymerize. It is important to note here that the linker+HA tag are tethered 

to this amino acid in a glucokinase regulatory region, that when mutated to A500V 

increased filament formation. This further suggests that adding the linker+HA 

after that amino acid also increases filament formation by influencing substrate 

binding. 
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 Figure 13: Alignment of glucokinases from multiple species.  

Protein sequences for glucokinases from yeast, human, mouse, Xenopus, 

Drosophila, and E. coli are aligned. Amino acids that are conserved across all 

five species are marked (*) while those residues with similar amino acid 

composition are marked (:). Sites that were mutated as part of structure function 

studies are marked in red. 
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Figure 14: Substrate/product binding is required for polymerization. 
Cells were grown in YPD for 24 hours then shifted into YPD for 30 minutes. Green 

rectangles indicate increased substrate binding. Red rectangles indicate 

decreased substrate binding. Empty rectangle indicates an unmeasured 

parameter. D218 is used for phosphoral transfer and acts as a catalytic base; 

therefore, substrate binding cannot be measured through an enzyme activity 

assay.  

glk = anti-glk1p, tub = anti-tubulin.  Scale bar = 3um, error bars = SEM 

 

  



61 

 

 
 

Table 14: Cell counts and ANOVA table for Glk1p mutations from figure 14. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 

 

 

 

  

Media NS YPD

Strain Cell # Cell #

WT 1389 1152

S72I 1644 1283

Y228C 1451 1270

D218A 1709 1673

A500V 1620 1490

Two-way ANOVA

Source of Variation % of total variation P value

Interaction 33.96 < 0.0001

Mutant 35.83 < 0.0001

Media 24.38 < 0.0001

Source of Variation Df Sum-of-squares Mean square F

Interaction 4 20100 5025 248

Mutant 4 21210 5302 261.7

Media 1 14430 14430 712.3

Residual 170 3444 20.26
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Table 15: Bonferroni posttest for Glk1p mutations from figure 14. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored.  

 

 

 

  

Bonferroni posttests

WT vs S72I

Media WT S72I Difference Lower Bound Upper Bound

No Shift 0.1856 0 -0.1856 -4.340 3.97

YPD 40.65 2.314 -38.33 -42.49 -34.18

Media Difference t P value Summary

No Shift -0.1856 0.1237 P > 0.05 ns

YPD -38.33 25.55 P<0.001 ***

WT vs Y228C

Media WT Y228C Difference Lower Bound Upper Bound

No Shift 0.1856 0.1133 -0.07237 -4.285 4.02

YPD 40.65 0 -40.65 -44.71 -36.40

Media Difference t P value Summary

No Shift -0.07237 0.04823 P > 0.05 ns

YPD -40.65 27.09 P<0.001 ***

WT vs D218A

Media WT D218A Difference Lower Bound Upper Bound

No Shift 0.1856 0.1133 -0.07237 -4.227 4.08

YPD 40.65 0 -40.65 -44.80 -36.49

Media Difference t P value Summary

No Shift -0.07237 0.04823 P > 0.05 ns

YPD -40.65 27.09 P<0.001 ***

WT vs A500V

Media WT A500V Difference Lower Bound Upper Bound

No Shift 0.1856 1.001 0.8153 -3.339 4.97

YPD 40.65 47.84 7.195 3.04 11.35

Media Difference t P value Summary

No Shift 0.8153 0.5434 P > 0.05 ns

YPD 7.195 4.795 P<0.001 ***

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval

95% Confidence Interval
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Tagging Glk1p with LHA alters its substrate specificity. 

Previous work revealed that 2-deoxyglucose is a poor substrate for Glk1p, 

consistent with the finding that treatment of wild-type yeast with 2-deoxyglucose 

does not trigger Glk1p polymerization (Figure 15A) (Heredia et al., 2006b; Lobo 

and Maitra, 1977a; Maitra, 1970). I hypothesized that because the 2’-OH group 

on glucose is involved in binding Glk1p, using 2-deoxyglucose as a substrate 

instead of glucose was having a similar effect on polymerization as the point 

mutant that affected sugar binding. If tagging the enzyme altered its substrate 

specificity by increasing sugar and/or ATP binding, this might explain why there 

was more filament formation with tagged Glk1p. To use 2-deoxyglucose to test if 

the tag enhanced the ability of Glk1p to polymerize through altered substrate 

binding, I needed a condition in which glucose induced filament formation with 

the untagged enzyme at sufficiently high levels such that differences in filament 

formation between glucose and 2-deoxyglucose would be detectable. I had 

identified such conditions in Figure 8, having shown that blocking glycolysis at 

the Pgi1p and Fba1p steps causes glucose-6-phosphate to accumulate during 

glucose shifts and triggers filament assembly of the untagged enzyme. I therefore 

tested relative ability of 2-deoxyglucose to induce untagged Glk1p filament 

formation in those mutants.  

While glucose was able to trigger filament formation in ΔPGI1 strains, 2-

deoxyglucose did not. Unlike YPD, YP+2DG did not stimulate filament formation 

compared to non-shifted cells (YPD p<0.001; 2DG p>0.05) (Figure 15 and Table 
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16). The ΔFBA1 mutant shifts showed that while YPD and YPF were able to 

induce filament formation (YPD p<0.01; YPF p<0.001), YP+2-deoxyglucose 

could not (2DG p>0.05). (Figure 15 and Table 17). This result agrees with what 

has been previously shown structurally and in vitro with 2-deoxyglucose and 

Glk1p. The sugar, 2-deoxyglucose, has been shown to have different binding 

kinetics to yeast glucokinase compared to glucose (Heredia et al., 2006b; Lobo 

and Maitra, 1977a; Maitra, 1970) and glucokinase crystal structures show that 

the 2’hydroxyl of glucose (the hydroxyl absent in 2-deoxyglucose) is directly 

involved in binding glucokinases. The fact that 2-deoxyglucose/2deoxyglucose-

6-phosphate has on the HA-tagged protein, but not the untagged protein, 

buttresses the view that the tag increases filament formation by affecting 

substrate/product binding.  
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Figure 15: Tagging Glk1p with LHA alters its substrate specificity. 
(A) After growing for 5 days, wild-type cells do not form filaments when shifted 

into YP or YP+2-deoxyglucose for 30 minutes. ΔPGI1 (B) and ΔFBA1 (C) mutants 

(with untagged Glk1p) were grown for 5 days then shifted into indicated media 

for 30 minutes.  

 glk = anti-glk1p, tub = anti-tubulin. Scale bars = 3um Error bars = SEM 
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Table 16: Cell counts and ANOVA table for 2DG shifts with ΔPGI1 mutants 
from figure 15. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 
 

 

 

  

NS 2005

YPD 1577

YPF 2287

2DG 2320

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 3 884.6 294.9 50.01 < 0.0001

Within (image samples) 8 55.1 6.888

Residuals 24 141.5 5.896

Total 35 1081

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD 2.994 *** 3.7 -0.163 6.152

YPF -9.1690 11.33 -12.33 -6.012

2DG 2.8340 3.501 -0.3238 5.991

YPF YPD -12.160 *** 15.03 -15.32 -9.006

2DG -0.1607 0.1986 -3.318 2.997

YPD 2DG 12 *** 14.83 8.846 15.16

3 independent experiments

# of cells counted

95% Confidence Interval
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Table 17: Cell counts and ANOVA table for 2DG shifts with ΔFBA1 mutants 
from figure 15. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 
 

 

  

NS 824

YPD 825

YPF 939

2DG 713

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 3 248.8 82.92 14.51 < 0.0001

Within (image samples) 9 187.4 20.82

Residuals 27 154.3 5.713

Total 39 590.4

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD -4.406 ** 5.829 -7.334 -1.479

YPF -6.541 *** 8.653 -9.468 -3.613

2DG -1.7780 2.352 -4.705 1.15

YPD YPF -2.1350 2.824 -5.062 0.7929

2DG 2.6280 3.477 -0.2993 5.556

YPF 2DG 4.763 *** 6.301 1.835 7.69

* p< 0.05; **p<0.01;***p<0.001

3 independent experiments

# of cells counted

95% Confidence Interval
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Untagged Glk1p filaments undergo reversible assembly/disassembly 

 If Glk1p is a true actin-like polymer, it should undergo reversible assembly 

and disassembly in response to defined conditions. Using Glk1p-LHA I observed 

that assembly is triggered when I shifted depleted cultures into fresh glucose and 

that disassembly occurs when I shifted glucose-containing cultures into 

conditions without glucose (Figure 12A and 12B). Because in the ΔPGI1 mutant 

glucose is a potent trigger of polymerization, whereas fructose seemed to 

antagonize the effects of YP in filament formation, I reasoned that cycles of 

glucose and fructose treatment could dynamically control the untagged Glk1p 

filament. To test if it was possible to control filament assembly in this way, I first 

stimulated Glk1p polymerization by treating ΔPGI1 yeast that grew for 5 days with 

fresh glucose for 30 minutes. At the end of the glucose pulse, 22.6% of cells had 

formed Glk1p filaments, a large and significant increase compared to 7.2% in 

non-shifted cells (p < 0.001), (Figure 16). After Glk1p filaments had formed, I then 

shifted the YPD shifted cells into fructose for 30 minutes and measured the 

percentage of cells with Glk1p filaments. After the fructose treatment, the 

frequency of Glk1p filaments was similar to non-shifted cells (p>0.05) and 

significantly lower than before shifting from YPD to YPF (p<0.001) (Figure 16). 

These changes in filament frequency could be due to either reversible filament 

assembly or regulation of Glk1p protein levels; however, immunoblots for Glk1p 

through each stage of the shift experiment revealed no change in protein levels 

(Figure 16). Because the protein levels do not change, the untagged Glk1p 
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filaments that form in ΔPGI1 yeast in response to glucose are not aggregates, but 

are in fact metabolically responsive polymers. 
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Figure 16: Untagged Glk1p filaments undergo reversible assembly in ΔPGI1 
mutants. 
Cells were grown for 5 days then shifted into YPD for 30 minutes followed by 

another shift into YPF for another 30 minutes. Samples were taken before each 

shift and filament frequency was scored.  

glk = anti-glk1p, tub = anti-tubulin. Scale bar = 3um Error bars = SEM 
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Table 18: Cell counts and ANOVA table for reversible filament formation 
ΔPGI1 mutants from figure 16. 
Cells were scored as the percentage of cells containing filaments in each image. 

Therefore, the n value represents the number of images scored. The total number 

of cells scored is also indicated below. 
 

 

  

Glk1-LHA log phase shifts
9 independent experiments

# of cells counted

NS 6894

YPD 7108

YPD-->YPF 7339

ANOVA Table

Source DF Sum of Squares MS F P

Between (experimental conditions) 2 6887 3444 69.56 < 0.0001

Within (image samples) 35 8024 229.3

Residuals 70 3465 49.5

Total 107 18380

Tukey's post hoc multiple comparisons

Condition (i) Condition (j) Mean Difference q

Lower Bound Upper Bound

NS YPD -15.38 *** 13.12 -19.36 -11.41

YPD-->YPF 2.7730 2.365 -1.204 6.75

YPD YPD-->YPF 18.16 *** 15.48 14.18 22.13

* p< 0.05; **p<0.01;***p<0.001

95% Confidence Interval
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Discussion 

 In this thesis, I have identified Glk1p and Glk1p-LHA as novel dynamic 

intracellular filaments that are regulated by binding of glucose-6-phosphate or 

glucose-6-phosphate+ADP. As shown by overexpression and by product 

accumulation, polymerization is dependent on the intracellular concentration of 

the enzyme and glucose-6-phosphate concentration. These in vivo results and 

conclusions are buttressed by and clarify results of several groups in the past 40 

years.   

One example is a study from (Clifton et al., 1993). In the study they 

overexpressed Glk1p in the absence of other hexokinases and found that glucose 

phosphorylation activity did not increase even though phosphorylation by Glk1p 

was rate limiting. Those authors suggested two possible explanations: that the 

additional enzyme is nonfunctional or that the incoming glucose is going to a 

compartment not accessible to the enzyme. A Glk1p polymerization model 

provides an elegant explanation that combines both of these possibilities. If the 

Glk1p is already near its critical concentration, then overexpressing Glk1p will not 

change the soluble active concentration because excess Glk1p will polymerize 

and be in filament form. As their first model suggests, Glk1p is enzymatically 

inactive as a filament, and, as with their second explanation, Glk1p is physically 

separated from incoming glucose by forming a filament.  

Clifton et al. (1993) also observed in vitro, that when Glk1p was extracted 

from yeast cells with toluene, much of the glucokinase activity was lost but was 
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recoverable; meaning the treatment did not permanently inactivate the enzyme. 

The same extraction technique was employed by Maitra and Lobo 1977, where 

they found purified Glk1p can form a relativity large (19.2S) structure in the 

presence of glucose and phosphate. It is possible that glucose, which alone 

induces the closed state of the enzyme (Steitz et al., 1981; Zhang et al., 2006), 

along with phosphate, resembles glucose-6-phosphate and triggers assembly of 

the larger 19.2S structures. Furthermore, Maitra and Lobo showed that Glk1p in 

a Tris-Mg
2+

 buffer forms 12.5S and 4.8S structures, but only a 4.7S structure 

when incubated in the same buffer with ATP. It is possible that ATP bound Glk1p 

favors a more open state of the enzyme and that the filament is regulated Glk1p 

being in an open and closed state. As the in vivo data presented in this thesis, 

these studies all point to an enzyme that polymerizes and depolymerizes through 

substrate and product regulation.  

Modifications to the C-terminus of Glk1p that increase filament formation 

are in agreement with this model of enzyme polymerization. Several studies show 

that manipulating the C-terminus of glucokinases has an effect on substrate 

binding (Christesen et al., 2002; Davis et al., 1999; Glaser et al., 1998). Recently, 

studies have begun to elucidate the mechanism by which the C-terminus is 

involved in regulating the enzyme (Heredia et al., 2006a; Heredia et al., 2006b; 

Huang et al., 2013; Larion and Miller, 2009; Liu et al., 2012; Pedelini et al., 2005; 

Zhang et al., 2006). In a screen for hyperactive mutants, Larion and Miller (2009) 

randomly mutated the C-terminus of human glucokinase and found that most 
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amino acid substitutions found were hydrophobic. Glk1p lacks the nine amino 

acids found at the C-terminus of the human glucokinase and adding the 20 amino 

acid linker-HA tag adds 15 hydrophobic amino acids (Figure 10A). Since the 

mutants in the Larion and Miller study showed a lack of cooperatively and 

increased activity, they suggested that the dynamics of the enzyme were being 

restricted and favored a bound form of the enzyme. This would agree with the 

hypothesis that tagging Glk1p with linker-HA has a similar effect: it may form a 

protein with altered substrate binding that favors the glucose bound state.  

This leads to a model for Glk1p in which the bound form (closed state) of 

the enzyme polymerizes and the modifications that increase polymerization are 

due to increased binding. In this model, adding glucose would increase the 

concentration of “closed Glk1p” and when the concentration of “closed Glk1p” 

passes its critical concentration it would spontaneously polymerize. This model 

explains three separate results in our study. First, more of Glk1p should be bound 

to glucose after glucose addition, forming the closed state of the enzyme, and 

adding glucose induces filament formation. If adding the linker-HA tag onto Glk1p 

stabilizes the substrate bound state, then one would expect to have stabilized the 

closed state and to see more filaments when adding. Second, experiments with 

the A500V mutant show an increase in filament formation of Glk1p-LHA in 

response to glucose. Since this modification to the C-terminus is known to 

increase the binding affinity of the enzyme and it increases filament formation, 

this result also fits the model. Third, I showed that 2-deoxyglucose induced 
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filament formation with Glk1-LHA and was unable to induce polymerization of the 

untagged enzyme. Glk1p does not bind 2-deoxyglucose as strongly as glucose 

(Heredia et al., 2006b; Lobo and Maitra, 1977a), so it follows for an enzyme that 

already favors the bound state to be more easily triggered to polymerize by a 

weaker binding ligand. Experiments with the metabolic mutants show that 

untagged Glk1p readily forms filaments when we expect the presence of high 

glucose-6-phosphate concentrations. However, untagged Glk1p does not form 

filaments in high 2-deoxyglucose/2-deoxy-glucose-6-phosphate (Figure 15). Yet 

when Glk1p-LHA is used to compare glucose and 2-deoxyglucose, the difference 

between adding the sugars is minimal (Figure 12). This data suggests that the 

bonding required between glucose/2-deoxyglucose and the substrate binding 

pocket to stabilize the bound/closed state is less with the HA tagged Glk1p than 

untagged Glk1p and that favoring the bound state increases polymerization.  

Discussion of the bound or closed state raises the question about whether 

the substrates, glucose and ATP, or the products, glucose-6-phosphate and 

ADP, are the inducers of filament formation. While the answer to this question 

can be more thoroughly elucidated in vitro, there are several results in this thesis 

suggesting that in vivo, the products, either glucose-6-phosphate or glucose-6-

phosphate+ADP, are a stronger trigger than the substrates. In wild-type cells 

shifted into fresh glucose, the intracellular glucose is rapidly phosphorylated 

(Maitra, 1971; Walsh et al., 1994). Using the ΔFBA1 mutant, I showed that 

fructose was able to induce filament formation at similar levels as glucose (Figure 
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8B), even though fructose binds Glk1p very weakly compared to glucose (Maitra 

and Lobo, 1977). Since filament formation with fructose is equal to glucose, and 

fructose can be processed into glucose-6-phosphate in this mutant, it is more 

likely that the glucose-6-phosphate, and not glucose, is the dominant trigger for 

polymerization. In the ΔPGI1 and ΔFBA1 mutants, the proportion of 

phosphorylated sugars should be even higher since they cannot be metabolized 

causing them to accumulate in the cell during the shift. Therefore, it is possible 

that testing glucose as a potential trigger will not work in vivo because the effects 

of the unphosphorylated sugar are overwhelmed by the effects of relatively high 

amounts of phosphorylated sugars.  

There is further evidence that supports the hypothesis that glucose-6-

phosphate, and not glucose, is the trigger for polymerization in vivo. When Glk1-

LHA containing cells were shifted from a condition without filaments into glycerol 

(YPG) and lactate (YPL), both substrates were able to induce a small, but 

significant level of filament formation (Figure 12A, YPG and YPL, Tables 10-11). 

These carbon sources allow the cell to generate glucose-6-phosphate through 

gluconeogenesis, but they do not generate glucose (Parrou et al., 1999). 

Together the metabolic mutant experiments and the shifting into gluconeogenic-

carbon source experiments argue that glucose is not required and that glucose-

6-phosphate or glucose-6-phosphate+ADP is a sufficient trigger for filament 

formation in vivo. It is likely that, as is the case with actin, all of these substrates 

will have some ability to induce polymerization. The difference between the 
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substrates as a trigger is most likely in the magnitude of their ability to trigger 

polymerization rather than one substrate or the other specifically being the 

trigger.   

 With the intention to set up an in vivo assay for the untagged enzyme in 

a manner analogous to inducing actin polymerization, I considered what 

metabolic conditions would in induce Glk1p polymerization. Adding ATP and 

glucose onto Glk1p may be comparable to adding ATP onto actin. In wild-type 

cells however, a constant influx of glucose or production of ATP, may be 

sufficiently high such that they compete with glucose-6-phosphate and ADP for 

the sugar and nucleotide binding sites. This would lead to faster enzyme cycling 

than if the product of the reaction accumulated to compete for the substrate 

binding site. Stated another way, having higher ratios of substrates to products 

should more rapidly trigger another cycle of enzyme activity, rendering the bound 

form of the Glk1p less stable. In fact, work from Maitra and Lobo in 1977 showed 

in vitro that high order (12.5S) structures formed by Glk1p do not form in the 

presence of excess ATP. Could this be due to ATP competing for ADP in the 

active site and resetting the enzyme from the closed state to an open state? 

Could this open state be held sufficiently long by ATP in non-starved wild-type 

cells that the filament depolymerizes faster than it polymerizes? Since the gamma 

phosphate of ATP and the phosphate on glucose-6-phosphate bind to the same 

region in the active site, for ATP to bind Glk1p, glucose-6-phosphate would have 

to leave the active site. Thus, high ATP concentrations would favor an open state 
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of the enzyme. The results from Maitra and Lobo are consistent with the data in 

Figure 8B, Figure 12A, and Figure 15C, which show that product binding induces 

polymerization in vivo.  

Using the ΔPGI1 mutant, I identified a metabolic state that effectively 

favors or stabilizes the bound state (closed state) of the enzyme. Phosphorylation 

of glucose in mutants unable to further metabolize the sugar should deplete the 

cell of ATP and generate a pool of glucose-6-phosphate. This effect on 

metabolism has been shown with ΔPGI1 mutants shifted into YPD for 15 minutes; 

they have lower levels of ATP and higher levels of glucose-6-phosphate than 

non-shifted cells (Laporte et al., 2011). More evidence that the bound/closed 

state of the enzyme favors filament formation is when this mutant is shifted into 

glucose (YPD) followed by a shift into fructose (YPF) (Figure 16). The first shift 

forms glucose-6-phosphate, ADP, and filaments (Figure 16). The subsequent 

shift supplies the cell with ATP and disassembles the filaments, suggesting that 

the closed state of the enzyme forms filaments and that the open state of the 

enzyme favors disassembly. Since glucose-6-phosphate and ATP cannot both 

occupy the active site, high ATP availability could compete for the site leading to 

an open state of the enzyme.  

Note that Laporte et al. show that shifting ΔPGI1 mutants into YPF after 

reaching stationary phase does not increase the cellular ATP concentration. This 

does not rule out an ATP mediated mechanism of Glk1p depolymerization. The 

shift into YPF media should generate ATP through glycolysis, but in the starved 
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state ATP could be used up at the same rate that it is produced. In fact, ATP 

consumption would include ATP binding the hexokinases to perform another 

round of sugar phosphorylation. In this situation, ATP would be able to 

depolymerize Glk1p without large changes in concentration.  

Based on everything discussed here the most accurate model that 

describes the regulation and dynamics of the filaments is one in which a closed 

state of the enzyme favors the polymerization form and an open state favors the 

monomeric form. It is likely that what regulates the open and closed states of 

Glk1p is glucose binding. Once glucose is bound, the enzyme closes and has 

higher affinity for ATP. After glucose-6-phosphate is formed, glucose-6-

phosphate can hold the two domains closed further stabilizing the closed state. 

Then ATP and glucose-6-phosphate can compete for the same phosphate 

binding site. Thus, high enough concentrations of ATP may knock out glucose-6-

phosphate from the active site leading to an open state, potentially severing or 

depolymerizing the filament (Figure 17).  
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Figure 17: A model for Glk1p polymerization.  
Apo Glk1p binds glucose leading to a closed state of the enzyme. Next ATP binds 

and Glk1p polymerizes. It is not clear if glucose phosphorylation occurs before or 

after Glk1p incorporates into a filament. The end of the filament Glk1p contains 

glucose-6-phosphate. ATP competes with glucose-6-phosphate for a phosphate 

binding site. When ATP outcompetes glucose-6-phosphate, the enzyme is in the 

open state. Next, the open state with ATP binds glucose and can polymerize or 

ATP disassociates forming the apo enzyme again.  

G = glucose, G-ATP = glucose+ATP, GP = glucose-6-phosphate  
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This mechanism is analogous to that of actin polymerization where 

unbound actin is in an open state and the ATP or ADP bound forms are both in 

a closed state and both polymerize. (Chik et al., 1996; Gerstein et al., 1994; 

Kabsch et al., 1990; Kudryashov and Reisler, 2013; Page et al., 1998). Though 

in vitro actin can polymerize using different cofactors, such as calcium instead of 

magnesium or ADP instead of ATP (Pollard, 1984; Pollard, 1986), what occurs in 

vivo is highly regulated and in vivo conditions likely puts further restrictions on 

this mechanism. For example, in vivo, ATP bound actin may be the only sufficient 

state to induce polymerization, whereas in vitro, high enough concentrations of 

ADP may induce polymerization. In vivo, there may also be accessory proteins 

that assist in assembly and disassembly, either broadening or restricting the 

parameters that will be found in vitro. Nonetheless, in vitro experiments are the 

only way to eliminate the many confounding factors in the cell, to better control 

experimental conditions and to test conditions so extreme that the cell cannot 

provide. Experiments using purified Glk1p and related metabolites, including 

glucose-6-phosphate and ADP, will be needed to describe to what extent each 

metabolite can influence the polymerization of Glk1p.  

 Further studies will also be needed to determine which model of the 

evolution of actin-fold proteins is correct. However, the discovery of a metabolic 

enzyme that forms dynamic filaments analogous to actin leaves two possibilities. 

Either actin evolved from metabolic enzymes that polymerize, or Glk1p 

independently evolved the ability to polymerize. The argument that 
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phosphotransferases, such as acetate kinases, are the oldest in evolutionary 

terms are based on structural, biochemical and geochemical arguments (Buss et 

al., 2001). If one accepts these arguments, then polymerizing metabolic enzymes 

must have come before actin. However, further evolutionary studies will need to 

be done to fully distinguish between these two models. Because of the findings 

in this thesis, it is known that an actin fold metabolic enzyme can polymerize. 

Therefore, the theory that actin evolved from metabolic enzymes that utilized 

polymerization as a mechanism of enzyme regulation is now readily testable. It 

is now possible to compare and contrast Glk1p with actin such that common 

ancestors can be identified and properly classified. The properties of these 

ancestor proteins will rule out one of these two models, further elucidating the 

evolutionary path of the actin-fold (Figure 2). 
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Yeast strains and media  
 

Yeast strains used in this study were cloned from a parent strain with the 

genotype MAT-a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (S288C) or MAT-alpha his3Δ1 

leu2Δ0 lys2Δ0 ura3Δ0 (S288C). GLK1, HXK1, and HXK2 knock out strains were 

from the yeast knockout collection (Giaever et al., 2002). ΔFBA1:kanMX4 and 

ΔPGI1:kanMX4 heterozygous knock out strains were cloned using PCR from the 

Heterozygous Diploid A Complete Set (Invitrogen catalog #95401.H4R3). All 

yeast strains were grown at 30°C in YPD with the following exceptions:  ΔPGK 

and ΔFBA mutants were grown in liquid culture media containing 

YP+0.2%Glucose+2%ethanol+2%glycerol+3%acetate or liquid and  solid media 

containing YP+2%ethanol+2%glycerol+3%acetate. ΔPGI mutants were grown in 

YP+2%fructose.  

 

Plasmid and DNA methods  

For plasmid yeast transformation, yeast genomic tagging of specific loci or 

yeast gene disruption, the LiOAc method was used (Ito et al., 1983). Genomic 

tagging and gene disruption were accomplished by transforming yeast strains 

with a PCR product that encoded G418, Hygromycin (Hygro), or Nourseothricin 

(NAT) resistance. The DNA for this transformation was generated in one of two 

ways. In the first method, 5′ and 3′ 50-bp flanking also sequences homologous to 

the gene of interest were synthesized into primers amplifying the antibiotic 

resistance cassette (Baudin et al., 1993; Brachmann et al., 1998; Longtine et al., 
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1998). In the second method, diploid genomic DNA from the yeast Heterozygous 

Diploid A Complete Set (Invitrogen cat. num. 95401.H4R3) was digested to inhibit 

PCR amplification of the wild-type copy. This allowed for amplification of knockout 

cassettes directly from the digestion reaction with longer 5′ and 3′ flanks 

homologous to the gene of interest than the oligosynthesis method. Flanks of 

300bp or larger were designed with this method. Cells transformed with the 

antibiotic cassette were allowed to grow on YPD or YPF for ∼24 h and then 

replica plated onto plates containing carbon sources metabolizable by the desired 

knockout strain along with the appropriate antibiotic. G418 was used at a final 

concentration (F.C.) of 400ug/ml, Hygromycin was used at F.C. 125ug/ml and 

NAT was used at F.C. 100ug/ml. Gene disruption or genomic tagging was 

confirmed by PCR. All PCR was performed with KOD hot start polymerase (EMD) 

was used in 50-μl reactions (1× KOD buffer, 1.25 mM MgSO4, 200 μM dNTP, 0.3 

μM of each oligonucleotide, and 10-20ng of template) using the manufacturer’s 

protocols. To create point mutants, the splicing by overlap elongation (SOEing) 

PCR technique was adapted from (Ho et al., 1989). The GLK1-linker-3xHA strain 

was generated by tagging GLK1 at the endogenous locus using pFA6a-3HA-Kan 

plasmid and 50bp oligos that targeted the 3’ end of the GLK1 gene. The yeast 

parent strain and yeast heterozygous knockout collection strains used in this 

study were a gift from L. Pillus (UC San Diego, La Jolla, CA). The yeast 

homozygous knockout collection strains were a gifts from M. Niwa (MAT-a) and 

S. Subramani (MAT-alpha) (UC San Diego, La Jolla, CA). The vector used to 
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construct G418 deletions strains (pRH728) was a gift from R. Hampton (UC San 

Diego).  

The vector used to construct hygromycin deletion strains (pJW456) was 

made by restriction enzyme cloning replacing the G418 cassette from pRH728 

with the hygromycin cassette from pBS34 (University of Washington Yeast 

Resource Center). The vector used to construct NAT deletions strains was a gift 

from E. Merkhofer (UC San Diego). Glk1p with different C-terminal tags were 

made by first amplifying the GLK1-linker-3XHA from genomic DNA from the yeast 

made with pFA6a-3HA-Kan into a pFA6a-3HA with SAL1-HF and PAC1 sites 

added to PCR primers. Next, a 3’ oligo containing a copy of the desired tag (3HA, 

Linker-1xHA, 1xHA, linker-MYC, or MYC), a stop codon, and PAC1 site was used 

to amplify GLK1 and replace the sequence on the pFA6a-GLK1-linker-3xHA 

construct with the new tag. An additional 1xHA strain was made by marker 

swapping the G418 marker for the Hygromycin marker by restriction enzyme 

digestion. 

Dual expression plasmid pCEV-G4-Km was purchased from Addgene 

#46819 (Vickers et al., 2013). To express mitochondrial-GFP the mito-GFP 

cassette was cloned from pVTU-mito-GFP using Sal1-HF and Nhe1 restriction 

sites using the constitutive TEF1 promoter. A hygromycin version of the plasmid 

(pCEV-G4-Hygro) was generated by performing a marker swap technique (Kelly 

and Hoffman, 2002; Muhlrad et al., 1992). GLK1 overexpression was achieved 
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by cloning GLK1 into pCEV-G4-Hygro using Spe1 and Pac1 restriction sites. This 

put GLK1 under the control of the constitutive HXT7 promoter.  

 

Media shift experiments 

 Cells were grown overnight in YPD or YPF then diluted to OD6000.200, 

except for the ΔFBA1 strains, which do not grow at this low OD600 that was grown 

in respiratory media. ΔFBA1 and ΔPGK1 strains were grown in 

YP+2%ethanol+2%glycerol+3%acetate overnight then diluted into media with 

0.2%glucose+YP+2%ethanol+2%glycerol+3%acetate for 120hrs before media 

shifts. For log phase experiments, cells were shifted between OD6000.600 and 

OD6001.000. Other experiments were diluted to OD6000.200 then incubated for 16, 

24, 72, or 120hrs. For the testing of various shift conditions, the indicated 

treatment was applied for 30 min at 22°C unless otherwise noted. For 

experiments using altered growth media, 4.5ODs of cells were pelleted, rinsed 

once with test media, and resuspended into 600ul of the test media (YP + 2% 

glucose (YPD), YP + 2% fructose (YPF), YP + 2% glycerol (YPG), YP + 2% 

lactate (YPL), YP + 2% 2-deoxyglucose (2DG), water + 2% glucose, or water 

alone). Non-shifted cells were pelleted (4.5 OD600) and resuspended into 600ul of 

non-shifted media. Cells were scored as the percentage of cells with filaments 

compared with total cell counts.  
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Antibody generation  

The full-length coding region of Glk1p was cloned into pPROEX-HTc C 

containing an N-terminal 6xHis-tag and expressed in BL21 E coli. Cells were 

lysed in buffer containing 50mM phosphate pH7.4, 250mM NaCl, 2mM Mg
2+

, 

10mM imidazole, fresh 1.5mg/100ml DNaseI (Sigma Cat#D4527), fresh 

1.5mg/100ml RNase A (Qiagen Mat#1007885), fresh 1mM βME and fresh 

protease inhibitor cocktail (Sigma Cat# P8340). After resuspension in lysis buffer 

cells were processed using a Laboratory Microfluidizer® (Microfluidics 

Corporation model M-110S). Soluble Glk1p was column purified using a Ni–NTA 

affinity beads (Qiagen), eluted in wash buffer containing 250mM imidazole, 

dialyzed in 100mM PO4 buffer, pH 7.0, and injected into rabbits (antiserum 

production by Covance).  

 

Immunostaining 

Two OD600 of cells were fixed with 3.7% formaldehyde for 1 hour, washed 

in SK buffer (1 M sorbitol, 45 mM K2HPO4, and 7 mM KH2PO4), and treated with 

zymolase (Zymo Research) for cell wall digestion. Next cells were attached to 

multiwell slides and permeabilized in MeOH and acetone for 5 minutes and 30 

seconds respectively. Blocking was in PBS + 2% BSA for 10 minutes. Primary 

antibodies used in this study were anti-HA (1:500, 12CA5, SCBT), anti-Glk1p 

(1:2000), anti-actin (1:100, JLA20, DSHB), FITC-anti-tubulin (1:100, Sigma, 

F2168) were diluted in PBS + 2% BSA and incubated at 4°C overnight. Next, 
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cells were rinsed 2 times in PBS + 2% BSA and washed 3 times for 10 minutes 

in PBS + 2% BSA. Alexa488-anti-mouse (Invitrogen #A11029) and Alexa-568-

anti-rabbit (Invitrogen #A11011) secondary antibodies were diluted in PBS + 2% 

BSA (1:200) and incubated for at least 1.5 hours. Cells were rinsed 2 times in 

PBS + 2% BSA, DAPI (ug/ml) stained for 10 minutes in PBS + 2% BSA, rinsed 

one time and washed one time in PBS + 2% BSA. Finally, cells were washed in 

PBS for ten minutes before the slides were mounted with Vectashield® (Vector 

Laboratories  #H-1000) then sealed. 

 

Microscopy  

Microscopy was performed using a DeltaVision Restoration Microscopy 

System (Applied Precision) and microscope (IX70; Olympus) using software 

SoftWoRx (Applied Precision). Quantitated images were taken with the same 

microscope and exposure settings as the controls from each experiment using a 

60X 1.4NA Olympus PlanApo objective. To quantify overexpressing cells the 

longest exposure that would not saturate the camera were taken for cell counts 

and were kept the same for all images in each experiment. These settings filtered 

out the lowest expressing cells and the remaining cells scored for Glk1p 

structures.  
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Protein sample preparation and Western blot analysis 

Either 2 or 4 OD600 of cells were pelleted and protein was extracted using 

an alkaline lysis method adapted from (Kushnirov, 2000). Briefly cells were lysed 

with 0.1N NaOH for 5 minutes at room temperature, spun at 10,000g then 

resuspended in SDS lysis buffer containing a protease inhibitor cocktail (Sigma 

Cat# P8340). Protein was resolved with 8% or 10% SDS-PAGE then transferred 

onto nitrocellulose membranes (BioRad) using the Owl-HEP1 electroblotting 

system (Thermo Scientific). Blots were probed with anti-HA at 1:200 (12CA5, 

SCBT), anti-Glk1p antibodies at 1:2000, anti-Pgk1p at 1:10,000, or anti tubulin at 

1:5000 (12G10, DSHB) 

 

 

 

 

 

 

 

 

 



 
 

91 

Chapter 3: Future Directions 
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 In this thesis, I have shown using multiple in vivo approaches that Glk1p 

forms filaments in response to glucose and that its product glucose-6-phosphate 

is a potent trigger for filament formation. To gain a more complete understanding 

of what the filament is and how it is regulated the protein will need to be isolated 

and studied in vitro. Studying Glk1p in isolation has the potential to provide 

definitive evidence that Glk1p polymerizes to form a filament independent of any 

other structure. It will also allow for a more biochemically quantitative description 

of the polymerization process. For example, I proposed that in my experiments 

that glucose-6-phosphate is a potent trigger for filament formation because in the 

cell we expect that the addition of glucose should lead to large increases in that 

metabolite. In contrast, in vitro we can directly measure this effect without the 

interacting effects of similar metabolites and other regulatory factors. To 

understand if Glk1p is like actin, where ATP-bound actin forms filaments and the 

ADP-bound form destabilizes filaments, it is also only possible in vitro to test 

polymerization dynamics with non-hydrolyzable ATP analogs and sugar analogs 

that cannot be phosphorylated (Mitchison, 1995).  In addition, the magnitude of 

glucose-6-phosphate’s effects can be quantitatively assessed and modelled. This 

is key because other metabolites likely also contribute to filament formation in 

vivo, such as mannose-6-phosphate, which can be present in lower amounts on 

growth on glucose and would bind to Glk1p.  

 A second aspect that may be more tractable to study in vitro or at least 

provide a more direct description of Glk1p will be the study of filament dynamics. 
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Tagging actin and Glk1p with GFP at the C-terminus have been shown to 

interfere with polymerization. A common solution to this used to study actin is to 

mix the untagged protein mixed with a small fraction of GFP tagged protein. 

Finding an optimal ratio of tagged to untagged protein may be more controllable 

in vitro than in vivo.  

 Once the filaments have been observed biochemically or optically in vitro, 

it will then be possible to use high-resolution electron microscopy (EM) to image 

the filaments on the molecular level. Using negative staining or cryo-electron 

microscopy, actin filaments have been observed at high enough resolution to fit 

individual crystal structure of the monomers into the EM image (Galkkin et al. 

2010). If this can be performed with Glk1p, it will provide more than enough 

information to start making comparisons of the actin and Glk1p filaments on the 

supramolecular scale. In discussions with Dr. Andrew Shiau, an experienced 

crystallographer from the Ludwig Cancer Institute at UCSD, he explained that the 

existing crystal structure of glucokinase from the fungus Kluyveromyces lactis 

should be sufficient for this task. In collaboration with Dr. Shiau, our lab is 

currently working on crystallizing Glk1p, which will of course be a better 

alternative for this technique. Dr. Shiau is also attempting to crystallize HA-tagged 

Glk1p for comparison with the untagged protein for a better understanding of how 

the tag affects filament formation and how Glk1p polymerization is regulated in 

general.    
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 Using the HA tag in comparison to untagged Glk1p in enzyme activity 

assays will also be useful in understanding the mechanics that regulate 

polymerization. With an activity assay we can compare how each protein binds 

substrates and how the tagging Glk1p affects the cooperatively of the enzyme. 

This assay can be used to understand how the open or closed state of the 

enzyme is the polymerizing form. In addition to using the tagged enzyme, several 

point mutants can be used in these assays to have a more detailed understanding 

of polymerization regulation. As has been done with many human mutations in 

glucokinase, circular dichroism (CD) and NMR can probe the state of the mutants 

or tagged protein during the presence of Glk1p substrates and products. 

However, one caveat to using CD is that the filaments may interfere by scattering 

the light passing through the sample, but if this is insignificant or can be 

compensated for in some way, then it would be a powerful approach to looking 

at Glk1p protein and filament dynamics.  

 Studying purified Glk1p provides an approach to understand the intrinsic 

Glk1p properties related to polymerization. However, as in the case with actin, 

many other factors may regulate polymerization dynamics, localization, and 

function. A powerful approach to probing for extrinsic factors in regulating Glk1p 

polymerization will be to use cell extract assays. Once interacting factors have 

been identified, such as in a pull down assay, depletion and add back 

experiments can be used to study the interaction of the factors in Glk1p filament 

formation. Numerous actin binding proteins have been identified by some counts, 
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over 160 distinct proteins excluding isoforms and synonyms (dos Remedios et 

al., 2003). These perform functions such as monomer sequestration, filament 

capping, filament severing, and filament crosslinking, so it is conceivable that 

analogous factors regulate Glk1p polymerization and glucose metabolism 

(Dominguez and Holmes, 2011).       

 A natural extension of finding interacting polymerization regulatory factors 

is to understand how they work or how they interact with Glk1p. Often this is done 

by deleting or swapping Glk1p domains with domains of similar proteins that lack 

this interaction. Interestingly our study found that Emi2p, a protein with 73% 

identity to Glk1p does not form filaments or phosphorylate glucose, thus it will 

likely be a useful resource for this type of study. Another alternative would be to 

use the glucokinase from the yeast, K. lactis, which has over 59% identity to 

Glk1p from Saccharomyces cerevisiae and has crystal structures solved in 

different conformational states (Kuettner et al. 2010). Another important use of 

this approach would be to map the polymerization domains/interfaces in Glk1p. 

Knowing more about these aspects of polymerizing actin-fold proteins may 

elucidate which actin-fold proteins polymerize and how the actin-fold enzyme 

activity and polymerization relationship evolved. 

 Once the structural elements that regulate polymerization in Glk1p are 

identified, it would be of great interest to use those elements in search of other 

polymerizing actin fold enzymes. Most notably would be the search for acetate 

kinases that polymerize. Because they are widely distributed in Archaea and 
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Bacteria, there are likely some polymerizing acetate kinases and some that do 

not polymerize. Therefore mapping these domains before searching for filament 

forming acetate kinases should help target enzymes that have a higher chance 

of polymerizing. The finding that these enzymes also polymerize would build a 

stronger argument that actin fold enzymes originated as metabolic enzymes. A 

goal for this search would to be eventually be able to map the evolution of these 

polymers, such that a statistical analysis of the changes in sequence over time 

can quantitate the likelihood that this path is the true evolutionary path of actin 

fold. Until then the theory of the origin of actin fold proteins coming from metabolic 

enzymes relies on the premise that acetate kinase (polymerizing or not) came 

first. 
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Appendix 1: Plasmids used in this study 

Plasmid 
ID 

Plasmid Description Gene of 
Interest

Parent 
Vector

Purpose of 
Plasmid

Yeast 
Marker 

Antibiotic

pJW429 pFA6a-3HA GLK1 pFA6a-

3HA

Yeast Gene 

Expression

G418 Amp

pJW430 pFA6a-GLK1-3HA S72 GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW434 pFA6a-GLK1-3HA 

Y228C 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW436 pFA6a-GLK1-3HA 

Y228S 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW446 pFA6a-GLK1-3HA G87A GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW447 pFA6a-GLK1-3HA 

D218A 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW448 pFA6a-GLK1-3HA 

W290R 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW449 pFA6a-GLK1-3HA 

A500V 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW461 pFA6a-GLK1-No- linker-

HA 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW462 pFA6a-GLK1- linker GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW463 pFA6a-GLK1- linker-Myc GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW464 pFA6a-GLK1- no linker-

Myc 
GLK1 pFA6a-

GLK1-3HA

Yeast Gene 

Expression

G418 Amp

pJW465 pFA6a-GLK1-L-1XHA 

A500V 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW466 pFA6a-GLK1-L-1XHA 

W290R 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW467 pFA6a-GLK1-L-1XHA 

Y228S 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW468 pFA6a-GLK1-L-1XHA 

G87A 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp
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Appendix 1 continued: Plasmids used in this study 

Plasmid 
ID 

Plasmid 
Description 

Gene of 
Interest

Parent 
Vector

Purpose of 
Plasmid

Yeast 
Marker 

Antibiotic

pJW469 pFA6a-GLK1-L-

1XHA S72I 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW470 pFA6a-GLK1-L-

1XHA Y228C 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW471 pFA6a-GLK1-L-

1XHA D218A 
GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW472 pFA6a-GLK1-L-

1XHA WT 

SEQUENCE 

GLK1 pFA6a-

GLK1-L-

1xHA

Yeast Gene 

Expression 
G418 Amp

pJW502 pProExHtc-Glk1 GLK1 pProExHtc His protein 

expression
 Amp

pJW517 glk1 overexpression 

with GAPDH 

promoter 

GLK1 pRH1429 Overexpression LEU2 Amp

pJW518 glk1-L-1xha 

overexpression with 

GAPDH promoter 

GLK1 pRH1429 Overexpression LEU2 Amp

pJW523 NAT antibiotic KO 

plasmid  pFA6a-

NAT-MX

Yeast Gene 

Disruption

NAT Amp

pJW524 For swapping Kan--

>NAT, linearize with 

EcoRI and transform

 p1630 Marker swap NAT Amp

pJW529 Dual expression 

vector with FLAG 

and MYC tags 2 

micron -G418 

 pCEV-G4-

Km 
Yeast Gene 

Expression 
G418 Amp

pJW536 Dual expression 

vector with FLAG 

and MYC tags 2 

micron -Hygro 

 pCEV-G4-

Km 
Yeast Gene 

Expression 
Hygro Amp

pJW537 mito-GFP no myc 

tag added extra 

EcoR1 site to 5’end 

2um plasmid 

mito-

GFP 
pCEV-G4-

Km 
Yeast Gene 

Expression 
G418 Amp

pJW538 glk1 no flag tag Dual 

expression vector 2 

micron 

Glk1 pCEV-G4-

Km 
Yeast Gene 

Expression 
Hygro Amp
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Appendix 2: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

226 
GLK1::Linker-3XHA 

Y228C#3 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

229 
GLK1::Linker-3XHA 

S65I#4 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

312 Mito-GFP:Ura3 Mito-GFP

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

313 Mito-dsRed:URA3 Mito-GFP

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

314 
GLK1::Linker-3XHA 

#2,Mito-GFP:Ura3 Mito-GFP

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

315 
GLK1::Linker-3XHA 

#1;Mito-

dsRED:Ura3 Mito-dsRED

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

316 
GLK1::Linker-3XHA 

#2,Mito-

dsRED:Ura3 Mito-dsRED

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

317 
GLK1::Linker-3XHA 

#1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

318 
GLK1::Linker-3XHA 

#2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

319 
GLK1::Linker-3XHA 

#3 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

320 
GLK1::Linker-3XHA 

#4 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

321 
GLK1::Linker-3XHA 

#5b 
from another transformation G418 

selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

322 
GLK1::Linker-3XHA 

#6b 
from another transformation G418 

selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

323 
GLK1::No Linker-

3XHA #1 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

324 
GLK1::No Linker-

3XHA #2 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

325 
GLK1::Linker-1XHA 

#1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

326 
GLK1::Linker-1XHA 

#2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

327 
GLK1::Linker-

1XMYC #1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

328 
GLK1::Linker-

1XMYC #2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

329 
GLK1::No Linker-

1XHA #1 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

330 
GLK1::No Linker-

1XHA #2 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

331 
GLK1::No Linker-

1XMYC #1 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

332 
GLK1::No Linker-

1XMYC #2 has truncated linker G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

333 ΔGLK1::kanMX4 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

334 ΔPFK1::kanMX4 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

335 
HXK2ΔC-term-

Linker-

3XHA::kanMX4#1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

336 
HXK2ΔC-term-

Linker-

3XHA::kanMX4#2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

337 
HXK2ΔC-term-

Linker-

3XHA::kanMX4#3 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

338 GLK1::Linker #1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

339 GLK1::Linker #2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

340 
GLK1::Linker-3XHA 

D218A#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

341 
GLK1::Linker-3XHA 

D218A#2 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

342 
GLK1::Linker-3XHA 

W290R#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

343 
GLK1::Linker-3XHA 

A500V#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

344 
GLK1::Linker-3XHA 

A500V#2 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

345 
GLK1::Linker-3XHA 

Y228S#11 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

346 DiploidΔPGI1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔPGI1:KanMx4

347 
GLK1::Linker-3XHA 

ΔPGI1-1 G418 selection-ΔPGI and Hygro -HA

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

348 
GLK1::Linker-3XHA 

ΔPGI1-2 G418 selection-ΔPGI and Hygro -HA

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

350 ΔHXK2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

351 
HXK1::Linker-3X-

HA-1 HA-tagged  G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

352 
HXK1::Linker-3X-

HA-2 HA-tagged  G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

353 
HXK2::Linker-3X-

HA-1 HA-tagged  G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

354 
HXK2::Linker-3X-

HA-2 HA-tagged  G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

355 
GLK1::Linker-3XHA 

W290R#2 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

356 
GLK1::Linker-3XHA 

S72I#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

357 
GLK1::Linker-3XHA 

G87A#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

358 
GLK1::Linker-3XHA 

G87A#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

395 
GLK1::Linker-1XHA 

S72I#1 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

396 
GLK1::Linker-1XHA 

S72I#7 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

397 
GLK1::Linker-1XHA 

G87A#4 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

398 
GLK1::Linker-1XHA 

G87A#10 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

399 
GLK1::Linker-1XHA 

D218A#3 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

400 
GLK1::Linker-1XHA 

D218A#7 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

401 
GLK1::Linker-1XHA 

Y228C#3 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

402 
GLK1::Linker-1XHA 

Y228C#8 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

403 
GLK1::Linker-1XHA 

Y228S#2 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

404 
GLK1::Linker-1XHA 

Y228S#3 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

405 
GLK1::Linker-1XHA 

W290R#2 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

406 
GLK1::Linker-1XHA 

W290R#11 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

407 
GLK1::Linker-1XHA 

A500V#3 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

408 
GLK1::Linker-1XHA 

A500V#4 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

437 GLK1-KAN #1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

438 GLK1-KAN #1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

439 GLK1::v499a#1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

440 GLK1::v499a#2  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

441 GLK1::A500V#1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

442 GLK1::A500V#2  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

443 GLK1::v499a+a500v#1 G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

444 GLK1::v499a+a500v#2 G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

227 
GLK1::Linker-3XHA 

Y228C#4 HA-tagged GLK1 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

463 "WT" -------

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

464 ∆PFK1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

465 ∆PFK1/GLK1-L-1xHA

L-1xHA, G418 selection (pFA6a)// 

KO(pFA6a-Hygro)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

466 ∆PFK1/GLK1-L-1xHA

L-1xHA, G418 selection (pFA6a)// 

KO(pFA6a-Hygro)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

467 ∆PFK2  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

468 ∆PFK2 Hygromycin selection (pFA6a-Hygro)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

469 ∆PFK2/GLK1-L-1xHA

L-1xHA, G418 selection (pFA6a)// 

KO(pFA6a-Hygro)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

470 WT 
LPY6491 MAT:@ (Resgen/GFP 

collection WT)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

497 ∆PGI  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

498 ∆PGI  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

499 ∆PGI  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

500 ∆PGI  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

501 ∆PGI Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

502 ∆PGI Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

503 ∆PGI Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

504 ∆PGI Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

505 glk1-l-1xha Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

506 ∆Hxk2 Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

507 ∆Hxk2 Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

509 ∆PFK2 Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

510 ∆PFK2 Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

511 ∆PFK2 Hygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

512 ∆Hxk1:kan/∆Hxk2:hygroHygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

513 ∆Hxk1:kan/∆Hxk2:hygroHygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

514 ∆Hxk1:kan/∆Hxk2:hygroHygro selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

515 ∆ZWF1  G418 selection (pFA6a)

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

556 
∆Hxk2:hygro, glk1-l-

1xHA:kan 
used to make double hxk ko with glk1-

l-1xha

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

557 
∆Hxk2:NAT, glk1-l-

1xHA:kan  
his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

558 DiploidΔFBA1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔFBA1:KanMx4

559 ΔPGK1 G418 Selection

his3 ∆1; leu2∆0; 
met15∆0; ura3-

1::KANMX6 
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

560 ΔPGK1 G418 Selection

his3 ∆1; leu2∆0; 
met15∆0; ura3-

1::KANMX6 

561 ΔPGK1 G418 Selection

his3 ∆1; leu2∆0; 
met15∆0; ura3-

1::KANMX6 

562 ΔPGK1 G418 Selection

his3 ∆1; leu2∆0; 
met15∆0; ura3-

1::KANMX6 

563 HaploidΔFBA1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔFBA1:KanMx4

564 DiploidΔPGK1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔPGK1:KanMx4

565 
mito-gfp 

overexpression 
G418 Selection (transformed with pJW537 

made w pCEV-G4-Km/pJW529)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pKAN 

566 
mito-gfp 

overexpression 
G418 Selection (transformed with pJW537 

made w pCEV-G4-Km/pJW529)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pKAN 

567 Glk1 overexpression 
Hygro selection (transformed with 

pJW538 made w pCEV-G4-Km/pJW536)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pHygro 

568 Glk1 overexpression 
Hygro selection (transformed with 

pJW538 made w pCEV-G4-Km/pJW536)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pHygro 

569 Glk1 overexpression 
Hygro selection (transformed with 

pJW538 made w pCEV-G4-Km/pJW536)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pHygro 

570 Glk1 overexpression 
Hygro selection (transformed with 

pJW538 made w pCEV-G4-Km/pJW536)

his3 ∆1; leu2∆0; 
met15∆0; ura3-1: 

pHygro 

571 HaploidΔFBA1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔFBA1:KanMx4

572 HaploidΔFBA1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔFBA1:KanMx4

573 HaploidΔFBA1 G418 selection    Resgen

his3 ∆1; leu2∆0; 
met15∆0; ura3-1; 

ΔFBA1:KanMx4

574 ΔZWF1 NAT selection pFA6a-NAT-Mx6

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0



105 

 
 

 

 

 

Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype

575 ΔZWF1 
NAT selection pFA6a-NAT-

Mx6

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

576 ∆PGI:hygro;Glk1-l-1xha:kan

Hygro selection (pFA6a) 

G418 Selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

228 GLK1::Linker-3XHA Y228S#2

HA-tagged GLK1 G418 

selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

584 HXK1ΔC-term-Linker-3XHA::kanMX4#1 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

585 HXK1ΔC-term-Linker-3XHA::kanMX4#2 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

586 HXK1ΔC-term-Linker-3XHA::kanMX4#3 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

587 ΔHXK1:NAT;ΔHXK2:Hygro;ΔGlk11:G418G418/Hygro/NAT selection 

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

588 EMI2-L-3xHA:Kan-1 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

589 EMI2-L-3xHA:Kan-2 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

590 EMI2-L-3xHA:Kan-3 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 

591 GUT1-L-3xHA:Kan-1 G418 selection

his3 ∆1; 
leu2∆0; 
met15∆0; 
ura3∆0 
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Appendix 2 continued: Yeast strains used in this study 

Stock 
JWY# Name Notes Genotype 

592 
GUT1-L-3xHA:Kan-

2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

593 
GUT1-L-3xHA:Kan-

3 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

594 
GUT1ΔC-L-

3xHA:Kan-2 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

595 
GUT1ΔC-L-

3xHA:Kan-3 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0

596 
GUT1ΔC-L-

3xHA:Kan-4 G418 selection

his3 ∆1; leu2∆0; 
met15∆0; ura3∆0
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Appendix 3: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-1623 GCG ACC TCA TAC TAT 

ACC TG 
Reverse primer located between GFP and 

kanR sites (in the pFA6a-GFP-kanMX6 

plasmid); 

20 43.9

JW-1792 CCA AGG ATG GTT CCG 

GAG TGG GTG CCG CCT 

TGT GTG CGC TTG TAG 

CATG GTC GAC GGA 

TCC CCG GGT T 

amplifies gfp/mcherry/miniSOG plasmids 

with GLK1 c-term arms  Forward primer 
70 78.5

JW-1793 GAT GGT AAG TAC GGT 

GGG ATA CGT ACA CAA 

ACC AAA AAA ATG TAA 

AAA GAA TCG ATG AAT 

TCG AGC TCG 

amplifies gfp/mcherry/miniSOG plasmids 

with GLK1 c-term arms  Reverse primer 
69 68.7

JW-1794 ATC AGT GCC CAA CTC 

AGC TTC C

for checking for insert, 44bp upstream of 

ATG

22 57.0

JW-1897 GCG TTC GTC ACC GGG 

ATT CCC AAC GGG ACG 

GAG CG

GLK1 mutagenesis primer  forward  S65I 35 83.7

JW-1898 CGG AAT CAT AGG AAG 

ACC TTT GTC CGA GGC

GLK1 mutagenesis primer  reverse  S65I 30 68.2

JW-1899 CGT ACC TAT CGC ATT 

GCT GTA CGT CCG ATA 

ACA CG

GLK1 mutagenesis primer  forward  

Y228C 
35 71.3

JW-1900 TTC CGA CGG TGT CGT 

TGG TTA ATG C

GLK1 mutagenesis primer  reverse  

Y228C and Y228S

25 64.4

JW-1901 CGT ACC TAT CGC ATT 

GCT CTA CGT CCG ATA 

ACA CG

GLK1 mutagenesis primer  forward  

Y228S 
35 70.8

JW-1902 CCT TGT GTG CGC TTG 

TAG TTG GTC GAC GGA 

TCC

GLK1 mutagenesis primer  forward  

A500V 
33 74.2

JW-1903 CGG CAC CCA CTC CGG 

AAC CAT C

GLK1 mutagenesis primer  reverse A500V 22 66.0

JW-1904 ACA GAA TTC CAG TGC 

CCA ACT CAG CTT CC 
GLK1 forward primer for amplifying GLK1 

from gDNA with EcoR1 site 
29 66.7

JW-1905 TTA ACT AGT CTA TTT 

GTA TAG TTC ATC CAT 

GCC ATG

reverse primer for amplifying a gfp tagged 

gene from gDNA with SPE1 
36 61.1
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-1920 CAC ACT AGT ATG TCA 

TTC GAC GAC TTA CAC 

AAA G

SPE1 - GLK1 pcr primer 34 62.2

JW-1921 AGT GCG GCC GCT TAT 

CAT GCT ACA AGC GCA 

CAC AAG G

GLK1-not1 pcr primer 37 78.6

JW-1922 CAC GTC GAC ATG TCA 

TTC GAC GAC TTA CAC 

AAA G

SAL1-GLK1 for 34 69.4

JW-1923 AGT TTA ATT AAT GCT 

ACA AGC GCA CAC AAG 

G

GLK1-PAC1 rev 31 62.5

JW-1924 TGT CCG AAA AAA GAA 

TTG CCG AAG GTA AGT 

CTC TTG GTA TCA TTG 

GCG CTG GTC GAC GGA 

TCC CCG GGT T 

HXK1 forward tagging primer. Consists of 

50 ncts upstream of Hxk1 stop codon 

(forward sequence) + 20 ncts from pFA6a-

13Myc-kanMX6 vector (ncts 34-53, 

forward seq). 

70 73.8

JW-1925 TAA TAT TAA GGG AGG 

GAA AAA CAC ATT TAT 

ATT TCA TTA CAT TTT 

TTT CAT CGA TGA ATT 

CGA GCT CG

HXK1 rev tagging primer. Consists of 50 

ncts downstream of Hxk1 (reverse seq) + 

ncts 2272-2290 of pFA6a-13Myc-kanMX6 

(reverse seq) 

68 64.6

JW-1926 TGG CCC AAA AAA GAA 

TTG CTG AAG GTA AGT 

CCG TTG GTA TCA TCG 

GTG CTG GTC GAC GGA 

TCC CCG GGT T 

HXK2 for tagging primer. Consists of last 

50 ncts of Hxk2 (no stop, forward 

sequence) + 20 ncts from pFA6a-13Myc-

kanMX6 vector (ncts 34-53, forward seq). 

70 74.4

JW-1927 GTA GAA AAA GGG CAC 

CTT CTT GTT GTT CAA 

ACT TAA TTT ACA AAT 

TAA GTT CGA TGA ATT 

CGA GCT CG 

HXK2 rev tagging primer. Consists of 50 

ncts downstream of Hxk2 (reverse seq) + 

ncts 2272-2290 of pFA6a-13Myc-kanMX6 

(reverse seq). 

68 67.0

JW-1928 TGA ACA CGC TCT GTT 

GGA GTG

glk1 reverse sequencing primer near end 

of gene

21 53.5

JW-1931 ACC CAG GTT TCA AGG 

AAG C

Hxk1 genotyping primer   near 3 prime end 

of gene (binds to ncts 1271-1289).

19 50.5

JW-1932 TCC GTT TGT GGT ATT 

GCT GC

Hxk2 genotyping primer   near 3 prime end 

of gene

20 53.5

JW-1958 ATG TCA TTC GAC GAC 

TTA CAC AAA G

GLK1 forward primer for mutagenesis 

insertion

25 54.2
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-1963 CCT TGT GTG CGC TTG 

TAG TTT TAA TTA ACA 

TCT TTT ACC

GLK1 mutagenesis forward primer A500V 39 66.6

JW-1964 ACT AGC CGC CGA CCT 

GGC TGG TAC CAA TTT 

CCG TAT ATG 

GLK1 mutagenesis Forward primer G87A 39 75.8

JW-1965 AAA ACA CCG CGC TCC 

GTC CC

GLK1 mutagenesis Reverse primer G87A 20 62.7

JW-1966 GTT GTT GCA TTA ACC 

AAC GCT ACC GTC GGA 

ACG TAC C

GLK1 mutagenesis Forward primer D218A 37 73.8

JW-1967 CTT GAT CAT AGG CAT 

ACC CTG AGC

GLK1 mutagenesis Reverse primer D218A 24 55.8

JW-1968 GAT CAT CAA TGT CGA 

AAG AGG GTC CTT CGA 

TAA TG

GLK1 mutagenesis Forward primer 

W290R 
35 68.4

JW-1969 ATG TGT GTC TTA CCC 

TCC TTT ATC AAC

GLK1 mutagenesis Reverse primer 

W290R

27 55.1

JW-1974 CAG TGC CCA ACT CAG 

CTT CC

5’ UTR for amplifying GLK1 gene from 

gDNA

20 54.6

JW-1986 CTC CAT ACA AGC CAA 

CCA CG

reverse Hygro seq primer 20 52.9

JW-1987 CAT CGG CGC AGC TAT 

TTA CC

reverse seq primer for 3HA Hygro vector 20 54.9

JW-1996 GAA TTT TAA TAC ATA 

TTC CTC TAG TCT TGC 

AAA ATC GAT TTA GAA 

TCA AGA TAC CAG CCT 

AAA AGG TCG ACG GAT 

CCC CGG GTT 

PGI1 forward KO primer 84 70.1

JW-1997 GTA TCT TTG CTT ATA 

ATA TAG CTT TAA TGT 

TCT TTA GGT ATA TAT 

TTA AGA GCG ATT TGT 

ATC GAT GAA TTC GAG 

CTC G

PGI1 tagging or KO reverse primer 79 66.0

JW-2046 ACA ACC GGT ACC AAT 

GGG TGC TAT ATG

AGE1-GLK1-forward 27 61.7

JW-2047 TGT GGC GCG CCT CAA 

AAG ATG TTA ATT AAC 

CCG GGG ATC C

Linker-stop-ASC1 40 79.5
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2048 TGT GGC GCG CCT CAC 

GCA TAG TCA GGA ACA 

TCG TAT GG

HA-Stop-ASC1 38 80.3

JW-2049 TGT GGC GCG CCT CAC 

AAG TCT TCC TCG GAG 

ATT AGC TTT TGT TCA 

AAG ATG TTA ATT AAT 

GCT ACA AGC GC 

MYC-Stop-ASC1 no linker 71 71.3

JW-2050 TGT GGC GCG CCT CAC 

AAG TCT TCC TCG GAG 

ATT AGC TTT TGT TCA 

AAG ATG TTA ATT AAC 

CCG GGG ATC 

Linker-MYC-Stop-ASC1 69 72.3

JW-2054 GCA ATC ATC ACC ATC 

TGC ACG

5’ UTR of PGI1 21 56.1

JW-2055 GAG TTA TGT CCT TCG 

CGC ACT G

3’ UTR of PGI1 22 56.3

JW-2056 AAT TCA GCG AGA GCC 

TGA CC

forward hygro 20 53.3

JW-2073 ACA GTC GAC ATG TCA 

TTC GAC GAC TTA CAC 

AAA G

GLK1 forward 34 67.1

JW-2074 TGT TTA ATT AAC CCG 

GGG ATC CGT CGA CCT 

GCT ACA AGC GCA CAC 

AAG G

GLK1 reverse for adding linker to mutants 49 82.8

JW-2075 TGT TTA ATT AAC CCG 

GGG ATC CGT CGA CCA 

ACT ACA AGC GCA CAC 

AAG G

GLK1 reverse for adding linker to mutant 

A500V 
49 81.9

JW-2116 ACA TCT AGA ATG TCA 

TTC GAC GAC TTA CAC 

AAA G

XBA-GLK1 forward 34 62.7

JW-2117 TGT CTC GAG TTA TCA 

TGC TAC AAG CGC ACA 

CAA GG

GLK1-Stop-Stop-XHO reverse 35 71.1

JW-2118 TGT CTC GAG TTA TCA 

AAC TAC AAG CGC ACA 

CAA GGC

GLK1-Stop-Stop-XHO reverse A500V 36 70.9

JW-2119 TGT CTC GAG TTA TCA 

TGC CAT AAG CGC ACA 

CAA GGC GGC AC

GLK1-Stop-Stop-XHO reverse V499M 41 80.0
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2120 TGT CTC GAG TTA TCA 

AAC CAT AAG CGC ACA 

CAA GGC GGC AC

GLK1-Stop-Stop-XHO reverse V499M-

A500V 
41 78.3

JW-2121 CAG CTT CCG TAA ACC 

ACA ACA CCA CCA CTA 

ATA CAA CTC TAT CAT 

ACA CAA GGA AGA ACT 

TTT CAC TGG AGT TG

GLK1-5'UTR-ATG-GFP forward primer 74 70.3

JW-2122 CAG CTT CCG TAA ACC 

ACA ACA CCA CCA CTA 

ATA CAA CTC TAT CAT 

ACA CAA GAT GTC ATT 

CGA CGA CTT ACA CAA 

AG 

GLK1-5'UTR-ATG-GLK forward primer 77 70.4

JW-2188 GGC CGG TCT TGA TGA 

GTT TG

glk1 3’utr reverse 20 54.3

JW-2195 aca GCG GCC GCT CAC 

GCA TAG TCA GGA ACA 

TCG 
HA-Stop-ASC1 33 69.0

JW-2212 CAA GGC CAC GTT CTG 

TCA CC

PGI genotyping forward 20 55.2

JW-2213 GCG ATG CTC ATC CGA 

AGT GG

PGI genotyping reverse 20 57.7

JW-2222 GCG GAA TTC ATG TCA 

TTC GAC GAC TTA CAC 

AAA GC

5’ oligo for GLK1. Contains restriction site 

for EcoRI. 
35 71.1

JW-2223 CGC CTG CAG TGC TAC 

AAG CGC ACA CAA GGC 

GG

3’ oligo for GLK1. Contains restriction site 

for PstI. 
32 79.0

JW-2224 CCA TCG GAC ATG CTA 

CCT TAC G

PGI forward Genotyping primer 22 56.0

JW-2225 TCT GCC GAA GAA GTA 

TCC ATT GC

PGI reverse genotyping primer 23 57.1

JW-2226 ACA ACT AGT ATG GAA 

GAA CTT TTC ACT GGA 

GTT GTC C

amplifying spe1-GFP-GLK1 37 65.1
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-
2227 

CAG CTT CCG TAA ACC ACA 

ACA CCA CCA CTA ATA CAA 

CTC TAT CAT ACA CAA GAT 

GGA AGA ACT TTT CAC TGG 

AGT TG 

5’utr-gfp-glk1 77 70.4

JW-
2228

TTC ATG TGC TTC AAG ACA 

GAG TCG

pgi orf reverse 24 55.9

JW-
2243

GCA AAT ATC GTG TCC AAT 

TCC GTG

hxk2 5’utr primer 24 59.1

JW-
2244

AAG TGC TTC CGT TCG TTC 

CAG

hxk2 3utr rev primer 21 55.7

JW-
2255 GCAATCGGTTTCACTTCCTTGGHxk1 5' utr forward

22 57.0

JW-
2256 ACCGAGCTATCCTACGACTTTCHxk1 3'utr reverse

22 57.0

JW-
2257 CTGAACCTCCTCGCACATTG Hxk2 5' utr forward

20 57.0

JW-
2258 CGTAGTGAGGTGGAGACCAG Hxk2 3'utr reverse

20 59.0

JW-
2271 

CAT TTC AGC AAT ATA TAT 

ATA TAT TTC AAG GAT ATA 

CCA TTC TAA TGG ATG CTG 

ATT TAT ATG GGT ATA AAT G

Kan forward swap 73 63.7

JW-
2272 

CAT TTA TAA AGT TTA TGT 

ACA AAT ATC ATA AAA AAA 

GAG AAT CTT TTT ATT AGA 

AAA ACT CAT CGA GCA TCA 

AAT G 

Kan reverse swap 76 62.5

JW-
2273 

CAT TTC AGC AAT ATA TAT 

ATA TAT TTC AAG GAT ATA 

CCA TTC TAA TGG ATG CGA 

TCG CTG CGG C 

Hygro forward swap 64 66.8

JW-
2274 

CAT TTA TAA AGT TTA TGT 

ACA AAT ATC ATA AAA AAA 

GAG AAT CTT TTT ATT ATT 

CCT TTG CCC TCG GAC G 

Hygro reverse swap 70 63.9
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2275 TGT CTC GAG TTA TCA 

CGC ATA GTC AGG AAC 

ATC G

ha tag-xho-stop-stop reverse 34 68.5

JW-2277 ACA GCG GCC GCA TGT 

CAT TCG ACG ACT TAC 

ACA AAG

NOT1-Glk1 forward 36 76.3

JW-2278 TGT CCG CGG TCA TGC 

TAC AAG CGC ACA CAA 

G

glk1-SacII reverse 31 75.1

JW-2279 TGT CCG CGG TCA CGC 

ATA GTC AGG AAC ATC 

G

HA-tag-SacII reverse 31 74.4

JW-2280 CGA ACT GCC CGC TGT 

TCT GCA GCC GGT CGC 

GGA GGC CAT GTC TGC 

CCC TAA GAA GAT CG 

hygro/kan-->Leu swap forward 59 77.8

JW-2281 GTT CTT GAA AAC AAG 

AAT CTT TTT ATT GTC 

AGT ACT GAT TAA GCA 

AGG ATT TTC TTA ACT 

TCT TCG G 

Hygro/Kan-->Leu swap reverse 67 65.3

JW-2289 GGG CAA AGG AAT AAT 

CAG TAC TGA C

L-1xHA forward for swap 25 54.3

JW-2290 CAT GGC CTC CGC GAC 

CGG CTG

L-1xHA reverse 21 70.0

JW-2291 ACA TAG GGG CAG ACA 

TTA GAA TGG

1429 swap forward 24 55.2

JW-2292 ATG CTG TCG CCG AAG 

AAG TTA AG

1429 swap reverse 23 56.6

JW-2293 CCT TGG ATA AAG CTA 

ATC TTT TGG CC

Leu2 forward 26 58.7

JW-2294 GGT TGT AGG AAT ATA 

ATT CTC CAC ACA TAA 

TAA GTA CGC TAA TTA 

AAT AAA GGT CGA CGG 

ATC CCC GGG TT 

Hxk2 forward KO primer 71 69.0

JW-2299 GTC ACC AAC GTC AAC 

GCA CC

NAT forward 20 55.9

JW-2300 AAG GAC CCA TCC AGT 

GCC TC

NAT reverse 20 55.1
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2342 CTT TTC TTT TAA TCA 

AAC TCA CCC AAA CAA 

CTC AAT TAG AAT ACT 

GAA AAA ATA AGG GTC 

GAC GGA TCC CCG GGT 

T

Hxk1 KO forward primer 76 69.0

JW-2343 CAG ATC ATC AAG GAA 

GTA ATT ATC TAC TTT 

TTA CAA CAA ATA TAA 

AAC AGG TCG ACG GAT 

CCC CGG GTT 

PGK KO forward 69 68.1

JW-2344 CTT CTG TTC TTC TTT 

TTC TTT TGT CAT ATA 

TAA CCA TAA CCA AGT 

AAT ACA TAT TCA AAG 

GTC GAC GGA TCC CCG 

GGT T

FBA1 ko forward 79 68.6

JW-2347 ATC GAT GAA TTC GAG 

CTC GTT TAA AC

reverse primer for amplifying pFA6a 26 58.0

JW-2348 TCC AAC GGC TAC TAT 

CAC AAA TCC

FBA1 5'utr forward 24 56.1

JW-2349 AGG CGA AGT AGA GTG 

ACA CGT CC

FBA1 3'utr reverse 23 56.3

JW-2350 TCG TGA GTA AGG AAA 

GAG TGA GG

PGK1 5'utr forward 23 52.0

JW-2351 GGG TAT GGA GAA AGA 

AAG AGG TGG

PGK1 3'utr reverse 24 56.1

JW-2352 AGA TGT CGA CGA ATT 

CGG TAC CAT GGC CTC 

CAC TCG TGT CCT C

MCS-mito-forward 43 80.3

JW-2353 ATC TGC TAG CCT ATT 

TGT ATA GTT CAT CCA 

TGC CAT GTG

GFP-STOP reverse 39 68.9

JW-2354 GGT TGC ATC GAC AAC 

TCT CAA GC

5’ oligo for SDM to fix point mutation on 

AtAsn2 nct 34 (A to G).

23 57.5

JW-2355 GCT TGA GAG TTG TCG 

ATG CAA CC

3’ oligo. Reverse complementary of JW-

2354.

23 57.5

JW-2356 CCC AAT ACG CAA ACC 

GCC TC

pCEV TEF reverse sequencing primer 20 58.9

JW-2357 GTG TGC GCT TGT AGC 

ATG ATA ATT AAT TAA 

ACA A

glk1-stop-stop-pac1 reverse 34 63.0
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2358 CCT GAG AAA GCA ACC 

TGA CCT AC

pCEV sequencing primer RC insert 23 53.8

JW-2359 ACC GCT GGC TTG AAC 

AAC AAT ACC

FBA1 5'utr forward 24 60.1

JW-2360 ATC GCT GCG GCC GAT 

CTT AG

hygro forward 20 58.9

JW-2361 CCT TCA TGC CTC CAA 

CGG CTA CTA TCA CAA 

ATC C

FBA 5’UTR for 34 70.4

JW-2362 GGG AAA AAG GCG AAG 

TAG AGT GAC ACG TCC

FBA1 3’UTR rev 30 66.9

JW-2363 GGA AAA CGT GGC ATC 

CTC TCT TTC G

FBA 5'UTR for 25 62.7

JW-2364 GAA TTC TTT GCA GGA 

AAG TTT TGA CCT GG

FBA 3'UTR rev 29 62.9

JW-2365 CGT CGC TCG TGA TTT 

GTT TGC

PGK 5'utr for 21 57.9

JW-2366 GTG GGA TGA GCT TGG 

AGC AGG

PGK 3'utr rev 21 58.2

JW-2375 ATT TCC TGG CGG CTA 

TTT GCA TCG

PGI 5’UTR forward 24 63.7

JW-2376 CGG TCT TAC GCG GAG 

ATA CAA GC

ZWF1 5’UTR forward 23 58.8

JW-2406 GCC AAA GAT GGG TCC 

GGT GTT GGC GCA GCT 

TTG TGT GCT CTG GTG 

GCA GGT CGA CGG ATC 

CCC GGG TT

EMI2 tagging forward. Consists of last 48 

ncts of Emi2 (no stop, forward sequence) 

+ 20 ncts from pFA6a-13Myc-kanMX6 

vector (ncts 34-53, forward seq). 

68 78.5

JW-2407 AGA GGA AAA CGA AAA 

CAA ACT AAA AAT AAG 

CTG TTA AGA ACA GAT 

ATG TTT CGA TGA ATT 

CGA GCT CG 

EMI2 tagging or KO reverse. Consists of 

50 ncts downstream of Emi2 stop codon 

(reverse seq) + ncts 2272-2290 of pFA6a-

13Myc-kanMX6 (reverse seq). 

68 66.4

JW-2408 GGA ATA TAA AAT TAT 

GGA AAT TAC ATT GTT 

AAT AGA AAT TAT TTA 

TGT TGT CGA TGA ATT 

CGA GCT CGT T 

Gut1 - glycerol kinase reverse tagging or 

KO. Consists of 50 ncts downstream of 

Gut1 stop codon (reverse seq) + ncts 

2272-2290 of pFA6a-13Myc-kanMX6 

(reverse seq)

70 63.3
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Appendix 3 continued: Primers used in this study 

Oligo 
Name 

Sequence notes length Melting 
temp

JW-2409 GGC TGA AGG ACA TAG 

AAG GTG AAC ACG AAC 

AGG TTC TAG AAA ACT 

TCC AAG GTC GAC GGA 

TCC CCG GGT T 

Gut1 tagging forward. 50 ncts upstream of 

Gut1 stop codon (forward sequence) + 20 

ncts from pFA6a-13Myc-kanMX6 vector 

(ncts 34-53, forward seq). 

70 73.8

JW-2410 CCG ACA GCG GAA TGT 

ACC GCA TTG GGG GCA 

GCC ATT GCA GCC AAT 

ATG GCT GGT CGA CGG 

ATC CCC GGG TT 

Gut1 tagging truncated forward 71 78.3

JW-2411 CAG AGG AAG AAG ATC 

GGG TCG

EMI2 5’UTR 21 55.2

JW-2412 GGT GTG GAG TAG CAT 

AGT GAG G

GUT1 5’UTR 22 50.5
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