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A promising strategy to reduce the dependency from fossil fuels is to use the yeast 

Saccharomyces cerevisiae to bioconvert renewable non-food feedstocks or waste 

streams, like lignocellulosic biomass, into bioethanol and other valuable molecule blocks. 

Lignocellulosic feedstocks contain glucose and significant fractions of the pentoses xylose 

and arabinose in varying proportions depending on the biomass type. S. cerevisiae is an 

efficient glucose consumer, but it cannot metabolize xylose and arabinose naturally. 

Therefore, extensive research using recombinant DNA techniques has been conducted to 

introduce and improve the biochemical pathways necessary to utilize these non-

physiological substrates. However, any functional pathway capable of metabolizing 

D-xylose and L-arabinose in S. cerevisiae requires the transport of these sugars across 

the plasma membrane. The endogenous sugar transport system of S. cerevisiae can 

conduct a limited uptake of D-xylose and L-arabinose; this uptake enables only basal 

growth when the enzymatic pathways are provided. For this reason, the uptake of D-xylose 

and L-arabinose has been recognized as a limiting step for the efficient utilization of these 

non-physiological substrates. 

Gal2, a member of the major facilitator superfamily, is one of the most studied hexose 

transporters in S. cerevisiae. Although its expression is repressed in the presence of 

glucose, it also transports this sugar with high affinity when constitutively expressed. 

Recent efforts to engineer yeast strains for the utilization of plant biomass have unraveled 

the ability of Gal2 to transport non-physiological substrates like xylose and arabinose, 

among others. Improving Gal2 kinetic and substrate specificity, particularly for pentoses, 

has become a crucial target in strain engineering. The main goal of this study is to improve 

the utilization of xylose and arabinose by increasing the cell permeability of these 

non-physiological substrates through the engineering of the galactose permease Gal2. 

GAL2 gene expression depends on galactose, which acts as an inducer; nevertheless, 

even in the presence of galactose, glucose act as a strict repressor; consequently, GAL2 

gene is usually placed under the control of a constitutive promoter. However, the presence 

of glucose additionally triggers the Gal2 degradation, which is mediated by the covalent 

attachment of the small 76 amino acid protein ubiquitin (Ub) to the targeted transporter; in 

a multi-step process called ubiquitination. 

Ubiquitination of hexose permeases involves the activation of the Ub molecule by the E1 

Ub-activating enzyme using ATP; then, the activated Ub is transferred to a specific Ub-

conjugating enzyme E2, which donates the Ub indirectly through a specific HECT E3 
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enzyme (Rsp5) to a lysine residue of the substrate, with the aid of an adaptor protein which 

recognizes the target (Rsp5-adaptor). Ubiquitinated permeases are sent by membrane 

invagination to early endosomes, where they encounter ESCRTs (endosomal sorting 

complex required for transport). The targeted permeases are sorted in intralumenal 

vesicles (ILV) inside of the endosome, which after several cycles, turns into a 

multivesicular body (MVB) that subsequently fuses with the vacuole to expose the protein 

content of the ILVs to lumenal hydrolases for degradation.   

Gal2 contains 30 lysine residues that may accept the ubiquitin molecule, which targets its 

degradation. It is known that mono-ubiquitination by Rsp5 on multiple lysine residues is 

necessary to internalize Gal2 (Horak & Wolf, 2001). However, the authors did not identify 

the specific lysine residues involved in the ubiquitination processes. This study screened 

several Gal2 variants where lysine residues were mutated or removed from the protein 

sequence to discover which lysine residues are likely involved in ubiquitination and 

consequent turnover of the transporter. The results of the screening showed that mutation 

of the N-terminal lysine residues 27, 37, and 44 to arginine  (Gal23KR) produced a functional 

transporter that, when fused with GFP (Gal23KR_GFP), showed an exclusive localization at 

the plasma membrane in cells growing in galactose or glucose as a sole carbon source 

(Tamayo Rojas et al., 2021b).   

This study furthermore evaluated upstream signals caused by phosphorylation which 

triggers ubiquitination and consequent turnover of the targeted protein; using similar 

screening approaches to assess the stabilization of Gal2 by lysine residue modifications, 

it was possible to identify that N-terminal serine residues 32, 35, 39, 48, 53, and 55 are 

likely involved in the internalization of Gal2, since a Gal2 construct where all these serines 

were mutated to alanine residues and tagged with GFP (Gal26SA_GFP) exhibited practically 

complete localization at the plasma membrane in cells growing in galactose or glucose as 

a sole carbon source (Tamayo Rojas et al., 2021b).  

This work aimed to identify Rsp5 adaptors involved in recognizing Gal2 permease. Our 

findings revealed that Rsp5 adaptors Bul1 and Rod1 are presumably involved in the 

ubiquitination of Gal2, as their individual deletion led to a stabilization of Gal2 at the plasma 

membrane in cells growing in glucose as a sole carbon source; however, the stabilization 

was not as robust as the variant Gal23KR or Gal26SA. For this reason, it was presumed that 

multiple Rsp5 adaptors might be involved in the internalization of Gal2 (Tamayo Rojas et 

al., 2021b). 

Uptake impairments of xylose or arabinose by steric inhibition of glucose result in a 
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decreased uptake of these pentoses in co-fermentations of these sugars. In this study, by 

using error-prone PCR (epPCR) and a screening system based on a recombinant strain 

AFY10X which lacks all hexose transporters and hexo-/glucokinases and is genetically 

engineered to use pentoses as a carbon source (Farwick et al., 2014), two mutations in 

Gal2 (N376Y/M435I) were found, that together incorporate two desirable properties for 

fermentation of lignocellulosic hydrolysates: the ability to transport pentoses in the 

presence of glucose and an improved capacity for xylose and arabinose transport 

(Tamayo Rojas et al., 2021a). In addition, insertion of serine to alanine mutations at the 

residues 32, 35, 39, 48, 53, and 55 yielded a transporter (Gal26SA_N376Y_M435I) with the 

abovementioned features plus the increase in stability at the plasma membrane, being one 

of the most advanced pentose transporters. The overexpression of this transporter in a 

recombinant industrial diploid strain, capable of consuming xylose, reduced the overall 

fermentation time of the total xylose consumption by approximately 20h, corresponding to 

40% of the total fermentation course of a glucose/xylose mixture fermentation; however, 

the strain was only able to consume glucose and xylose sequentially, proving that the 

xylose uptake is not the sole determinant of the co-consumption of both sugars (Tamayo 

Rojas et al., 2021a). 

Gal2 asparagine's 376 substitution by tyrosine (Gal2N376Y) or phenylalanine (Gal2N376F) 

resulted in a transporter variant that completely abolished the uptake of glucose in 

comparison to the wild type (Farwick et al., 2014); therefore, in these variants, the uptake 

of xylose is not competitively inhibited by glucose, during co-fermentation. However, it is 

unknown if these Gal2 variants are still inhibited by intracellular glucose and if the decrease 

in the glucose affinity is symmetrical or asymmetrical regarding the glucose flux direction. 

To answer this question, an assay platform was developed that allows for qualitative and 

quantitative assessment of the glucose efflux mediated by facilitative hexose and pentose 

transporters. The assay uses the previously mentioned strain AFY10. This strain, when 

fed with the disaccharide maltose, which is intracellularly hydrolyzed by maltases into two 

glucose moieties, glucose achieves growth-inhibitory levels inside the cells since it cannot 

be further metabolized. When a permease mediating glucose efflux is expressed in this 

system, the inhibitory effect is relieved proportionally to the capacity of the introduced 

transporter (Tamayo Rojas et al., 2022). Feeding the system with maltose and xylose 

accompanied with the expression of the Gal2N376F variant and xylose isomerase (XylA from 

Clostridium phytofermentans), it could be shown that intracellular glucose did not inhibit 

the uptake of xylose; that is to say, it was proved that this Gal2 variant exhibit a symmetric 

insensitivity for glucose from both sides of the plasma membrane in comparison to the wild 

type which is internally and externally inhibited by glucose (Tamayo Rojas et al., 2022). 
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Nowadays, there is a dependency on fossil fuels, like crude oil, coal, and natural gas. They 

have a crucial role in the energy sector as well as in bulk and fine chemicals synthesis. 

Fossil fuel availability is restricted to a limited number of deposits worldwide; consequently, 

their supply is limited due to its depletions and economic and geopolitical reasons. 

Furthermore, its use contributes to climate change due to the high greenhouse gas 

emissions released into the atmosphere as it is burned. To overcome these problems, it is 

necessary to exploit alternative sources of energy and chemical manufacturing using 

biotechnological processes that are environmentally friendly and only require feedstocks 

from renewable sources, which are widely available. 

A promising strategy to reduce the dependency on fossil fuels is to use microorganisms to 

bioconvert renewable feedstocks or waste streams into valuable molecule blocks. The 

yeast Saccharomyces cerevisiae (typically referred to as "yeast") is one of the most 

relevant microorganisms in biotechnology, among the bacteria Escherichia coli, 

Corynebacterium glutamicum, Bacillus subtilis, and the filamentous fungi Aspergillus niger 

and Aspergillus oryzae (Hong & Nielsen, 2012). The advantage of yeast over other 

microorganisms is its strong fermentative capacity and high robustness to toxic inhibitors, 

low pH, and osmotic and mechanical stress (Weber et al., 2010). It is also classified as 

GRAS (generally regarded as safe) by the U.S. Food and Drug Administration (FDA). 

The most preferred substrate for S. cerevisiae is glucose, and the primary fermentation 

product is ethanol, which forms part of alcoholic beverages. In addition, purified ethanol is 

used as a solvent, preservative additive, and disinfectant; it is also extensively used as a 

renewable biofuel. 

New recombinant DNA tools allow engineering yeast strains by modifying their metabolic 

pathways, enzymes properties, and regulatory proteins to produce a new range of biotech 

products, like pharmaceuticals, food ingredients, fine chemicals, biofuels, and bulk 

chemicals (Hong & Nielsen, 2012; Generoso et al., 2015; Wess et al., 2019; Baumann et 

al., 2020). Furthermore, recombinant DNA tools allow to exploit non-physiological 

substrates in yeast, present in large quantities in lignocellulosic biomass feedstocks 

(Wiedemann & Boles, 2008; Brat et al., 2009). 
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Sugars and starch hydrolysates comprise the feedstock of around 90% of the produced 

bioethanol today (Kumar et al., 2008). The use of these feedstock constitutes an ethical 

concern since these products can be used as potential food and feed; In addition, the use 

of food as feedstock to produce biofuels has economic and ecological drawbacks; this 

conflict led to a pursuit of non-food feedstock sources to produce bioethanol and other 

biotech products (Limayem & Ricke, 2012). An alternative feedstock for biotechnical 

conversion is lignocellulosic biomass from agricultural and forest residues, which do not 

compete with food and animal feed production. Lignocellulosic biomass is a renewable 

and abundant resource, generally formed of three main components, the polysaccharides 

cellulose, and hemicellulose, who together comprise around 70% of the total biomass; 

Both components are tightly linked with the aromatic polymer lignin, which represents 20% 

to 30% of the total biomass (Limayem & Ricke, 2012). Covalent and hydrogen bonds 

between cellulose and hemicellulose with lignin turn the structure highly robust and 

recalcitrant (Zoghlami & Paës, 2019). 

It is necessary to break down lignocellulosic materials to release the fermentable 

substrates that will provide the carbon and energy source to the microorganism. Usually, 

its breakdown is performed with a pre-treatment that can be mechanical or 

thermochemical to disrupt the material and rearrange the lignin distribution, increasing the 

substrate porosity, allowing an effective subsequent enzymatic hydrolysis treatment that 

targets the cellulose and hemicellulose portions (Limayem & Ricke, 2012). 

Cellulose consists of a long chain of glucose monomers; therefore, its hydrolysis release 

only D-glucose; in contrast, the hydrolysis of the hemicellulose, which is and 

heteropolymer, releases the pentoses D-xylose and L-arabinose as well as the hexoses 

D-glucose, D-galactose, and D-mannose, it also may contain sugar acids like 

D-glucuronic, D-galacturonic, and methylgalacturonic acids, depending on the source of 

the feedstock (Zabed et al., 2016).  

Lignocellulosic feedstocks contain significant fractions of the pentoses xylose and 

arabinose in varying proportions depending on the biomass type. For example, common 

agricultural and agro-industrial residues like corn fiber contain 21.6% of xylose and 11.4% 

of arabinose, brewery's spent grain contains 15% of xylose and 8% of arabinose, and 

wheat bran contains 16% and 9% of xylose and arabinose, respectively (Gírio et al., 2010). 

2.1 Lignocellulosic biomass as a feedstock in industrial 

biotechnology 
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S. cerevisiae is an efficient glucose consumer, but it cannot metabolize xylose and 

arabinose naturally. Therefore, extensive research using recombinant DNA techniques 

has been carried out to exploit these non-physiological substrates. 

There are two established degradative pathways for xylose in nature (Figure 1A, and 1B). 

The first pathway involves D-xylose reduction to form D-xylitol and a subsequent oxidation 

to produce D-xylulose, using the enzymes xylose reductase (XR) and xylitol 

dehydrogenase (XDH), which require NADPH and NAD+ as cofactors, respectively (Figure 

1A). The second pathway, commonly found in bacteria, involves the direct isomerization 

of D-xylose to D-xylulose through the enzyme xylose isomerase (XylA) and does not 

require an oxidative-reductive cofactor (Toivari et al., 2004; Brat et al., 2009) (Figure 1B). 

D-xylulose is then phosphorylated to D-xylulose-5-phosphate by xylulokinase (XK) and 

subsequently metabolized in the non-oxidative branch of the pentose phosphate pathway 

(noxPPP) (Figure 1E). From the noxPPP, the intermediates fructose-6-phosphate and 

glyceraldehyde 3-phosphate (GAP) are funneled into the glycolysis pathway to generate 

pyruvate, which under fermentative conditions, is converted to ethanol (Figure 1F). 

 

Figure 1: Established degradative pathways for xylose and arabinose. For more details see 

chapters 2.2 and 2.3. 

2.2 Xylose utilization in S. cerevisiae 
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Although S. cerevisiae contains the enzymes required to convert D-xylose to D-xylulose, 

the conversion rate is insufficient to allow growth in a medium containing D-xylose as the 

sole carbon source. Overexpression of the endogenous XR (GRE3) and XDH (XYL2)  

enables S. cerevisiae to grow on xylose as the sole carbon source (Träff et al., 2002; 

Toivari et al., 2004). However, the conversion of D-xylose to D-xylulose with D-xylitol as 

an intermediate leads to an accumulation of NADH under anaerobic conditions, creating a 

cofactor imbalance that obstructs the further conversion of D-xylitol to D-xylulose, as 

consequence D-xylitol is accumulated (Pitkänen et al., 2003; Jin et al., 2004). On the other 

hand, the direct conversion of D-xylose to D-xylulose with XylA has the advantage that no 

redox reactions are required; XylA from Clostridium phytofermentans (used in this study) 

was the first bacterial XylA found to be functional in S. cerevisiae (Brat et al., 2009). 

2.3 Arabinose utilization in S. cerevisiae  

The degradation of arabinose has two established pathways in nature (Figure 1C, and D), 

which end up with xylulose-5-phosphate formation in a similar way to the xylose 

degradation pathways. One of them, commonly found in eukaryotic cells, involves the 

conversion of L-arabinose to D-xylulose via four enzymatic steps consisting of two 

reducing and two oxidizing reactions, which require NADPH and NAD+ as cofactors, 

respectively (Becker & Boles, 2003) (Figure 1C). The heterologous expression of the 

genes coding these enzymes in S. cerevisiae led to poor growth in arabinose and a lack 

of ethanol production attributed to cofactor imbalances (Richard et al., 2002). In contrast, 

the second pathway commonly found in bacteria has the advantage that no redox 

reactions are required and consequently does not cause a cofactor imbalance. In this 

pathway, L-arabinose conversion to xylulose-5-phosphate is performed in three steps 

using an isomerase, a kinase, and an epimerase enzyme (Figure 1D). This study uses 

L-arabinose isomerase from Bacillus subtilis, L-ribulokinase, and L-ribulose-5-P 

4-epimerase from Escherichia coli for the conversion of L-arabinose to 

xylulose-5-phosphate, which is further converted to ethanol under fermentative conditions 

(Becker & Boles, 2003; Wiedemann & Boles, 2008). 

Any functional pathway capable of metabolizing D-xylose and L-arabinose in S. cerevisiae 

requires the transport of these sugars across the plasma membrane. The endogenous 

sugar transport system of S. cerevisiae can conduct a limited uptake of D-xylose and 

L-arabinose; this uptake enables only basal growth when the enzymatic pathways are 

2.4 Sugar transport: Prerequisite for fast metabolism 
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provided; for this reason, the uptake of D-xylose and L-arabinose has been recognized as 

a limiting step for the efficient utilization of these non-physiological substrates, especially 

at low concentration of them (Richard et al., 2002; Gárdonyi et al., 2003; Runquist et al., 

2010; Tanino et al., 2012; Farwick et al., 2014). Heterologous expression of xylose 

transporters from other species in S. cerevisiae is usually inefficient as they may encounter 

problems during their secretion to the plasma membrane; in addition, overexpressed 

heterologous transporters may undergo cellular degradation, ending up in vacuoles (Shin 

et al., 2015). A more promising solution is to utilize the endogenous sugar transport system 

of S. cerevisiae and determine suitable components that can be enhanced to improve their 

ability to transport xylose and arabinose. 

In S. cerevisiae, the uptake of sugars across the plasma membrane is mediated by the 

sugar porter (SP) family, which belongs to the major facilitator superfamily (MFS), the 

largest and most diverse superfamily of secondary carriers found across all kingdoms of 

life (Drew et al., 2021). The sugar porter family consists of a wide variety of membrane 

transport proteins that may be grouped in different phylogenetic clusters according to the 

substrate or range of substrates transported. Some phylogenetic clusters include hexose 

transporters, alpha-glucoside symporters, and glucose sensors (Saier, 2000; Palma et al., 

2009). 

Yeast hexoses transporters, like many members of the MFS, share 12 putative 

transmembrane domains (TM), organized in two bundles of 6 TM, connected by a long 

and flexible intracellular loop that may contain structural elements. Each bundle of 6 TM 

consists of a pair of inverted 3 TM (Figure 2), which support the idea that three TM repeats 

represent a fundamental structural unit for MFS proteins (Yan, 2013; Drew et al., 2021). 

2.4.1 The sugar porter (SP) Family 
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Figure 2: Schematic illustration of the canonical MFS transporter topology. Canonical MFS 
topology comprises 12 transmembrane domains (TM), comprising two structurally similar six-helix 
bundles. The N-terminal bundle (TM1−6; light blue/ blue) and the C-terminal bundle (TMs 7−12; 
light orange/red) are connected by a cytosolic loop, which can occasionally contain structural 
elements (gray). Each of the bundles is made up of 3-TM structural-inverted repeats. The first TM 
in each of the 3-TM repeats (TM1, TM4, TM7, and TM10) constitutes the central cavity in the 
transporter, which usually undergo local changes to bind and release the substrate (yellow 
pentagon) during alternating access. The figure was taken from Drew et al. 2021. 

Hexose transporters are believed to operate with the so-called "rocker-switch alternating 

access mechanism" to upload and release the substrate across the membrane. This 

mechanism consists of a nearly symmetrical movement of the two 6 TM bundles around 

the centrally located substrate, which is alternatively exposed to only one side of the 

membrane at a time. The different conformational changes of the transporter result in the 

outward-facing, occluded, and inward-facing states; these changes are required to 

complete a complete transport cycle (Figure 3) (Drew et al., 2021). 

 

Figure 3: Schematic representation of MFS transporter cycle. Six major conformations of an 
MFS transporter cycle: outward-open, outward-occluded with bound substrate (pink sphere), 
occluded with substrate, inward-occluded with substrate, inward-open and occluded with no 
substrate. The figure was taken from Drew et al. 2021.  
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There are 17 functional hexose transporters in S. cerevisiae, encoded by HXT1 to HXT17 

and GAL2 genes (except HXT12, a pseudogene). A large number of hexose transporters 

in S. cerevisiae allows it to adapt to its environment, where the sugar concentration may 

vary over a fermentation time. However, under physiological conditions, the most crucial 

hexose transporters appear to be Hxt1 to 4 and Hxt6 to 7. The GAL2 expression occurs 

only under galactose conditions. HXT5 and HXT8 to 17 (except HXT12) were reported to 

be marginally expressed under physiological conditions (Reifenberger et al., 1995; 

Diderich et al., 1999). One of the main characteristics of yeast hexose transporters is their 

affinity for glucose, which can be divided into high (Hxt6, Hxt7, and Gal2; Km = 1 to 2), 

moderate (Hxt2, Hxt4, and Hxt5; Km = 2 to 10 mM), to low affinity (Hxt1, and Hxt3; Km = 

30 to 100 mM) (Boles & Hollenberg, 1997; Diderich et al., 2001; Farwick et al., 2014; Shin 

et al., 2015). 

There is a correlation between sugar availability in the medium and the hexose 

transporters' transcription. Low-affinity transporters are expressed in cells growing in 

glucose-rich media; meanwhile, moderate and high affinity transporters are expressed in 

cells growing in media with limiting glucose concentrations (Diderich et al., 1999; Özcan & 

Johnston, 1999). 

Three major sugar signaling pathways are involved in regulating the glucose transporters 

and glycolytic gene expression: the glucose induction pathway Snf3/Rgt2, the glucose 

repression pathway Snf1/Mig1, and the cAMP/PKA pathway, which is involved in both 

previous pathways. However, the transcriptional regulation pathways of the hexose 

transporters are not yet fully elucidated; nevertheless, they give us an insight into how 

different transcriptional pathways ensure the expression of the central low, moderate, and 

high glucose affinity, as well as hexose transporters variants like Gal2, under scenarios of 

different sugars availability (Platt & Reece, 1998; Özcan & Johnston, 1999; Jouandot et 

al., 2011; Hsu et al., 2015). 

Expression of the transporter genes HXT1 to 4, 6 to 7, and the major hexokinase HXK2 is 

induced at low glucose concentration by the inactivation of the transcriptional repressor 

Rgt1. The derepression involves the plasma membrane glucose sensors Snf3 and Rgt2, 

2.4.2 The native sugar transporter spectrum of S. cerevisiae 

2.5 Gene regulation of hexose transporters 

2.5.1 Glucose induction pathway Snf3/Rgt2 
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which in response to extracellular glucose, generate a signal that activates the yeast 

casein kinase Yck1 and its paralog Yck2, which phosphorylates the corepressors Mth1 

and Std1, who are required to form a repressive complex with Rgt1. The phosphorylation 

by the kinases Yck1/Yck2, targets the corepressors Mth1 and Std1 to ubiquitination by the 

SCFGrr1 ubiquitin ligase complex. Ubiquitinated Mth1 and Std1 corepressors are 

subsequently targeted for degradation by the 26S proteasome (for more details about 

ubiquitin signaling, see chapter 2.6). Without the corepressors Mth1/Std1, Rgt1 cannot 

form the transcription repressor complex with Ssn6 and Tup1 to target the promoter 

regions of the genes mentioned above. However, at high glucose concentrations, Rgt1 is 

hyperphosphorylated by the cAMP-dependent protein kinase (PKA), turning it into a 

transcriptional activator of the low-affinity glucose transporter HXT1 gene (Ozcan et al., 

1996; Özcan & Johnston, 1999; Jouandot et al., 2011). Rgt2 is also responsible for the 

gene repression of the transcription factor Mig2; Mig2 cooperates redundantly and 

synergistically with Mig1. Mig1 is a repressor transcription factor in the glucose-induced 

gene repression pathway Snf1/Mig1 (Kaniak et al., 2004). 

Transcriptional repression at high glucose concentrations of the genes which codify Hxt2, 

Hxt4, Hxt6, Hxt7, and Gal2 (indirectly via Gal4) is mediated by the deactivation of Snf1 

kinase complex and the presence of the repressor transcription factor Mig1 in the nucleus. 

Contrariwise, at a low glucose concentration, close to its depletion, Snf1 is active and 

responsible for the phosphorylation of Mig1 and Hxk2; the phosphorylation of these 

proteins prevents them from entering the nucleus to form the transcription repressor 

complex with Ssn6 and Tup1 in the promoter regions of the abovementioned genes. The 

activation or deactivation of Snf1 depends on its phosphorylation state. Snf1 is activated 

under low glucose concentration by the kinases Sak1, Tos3, and Elm1 and deactivated 

under high glucose concentration by the phosphatases Glc7 with its regulatory subunit 

Reg1 (together, PP1 phosphatase) (Hong et al., 2003; Nath et al., 2003; Sutherland et al., 

2003). Snf1 is also involved in the catabolite inactivation of the transporters Hxt2, Hxt4, 

Hxt6, and Hxt7. However, this subject is described in detail in chapter 2.6. Snf1 kinase is 

also involved in regulating protein, carbohydrate, and lipid biosynthesis as well as cell 

growth and proliferation when the cell's energy levels are compromised, as the ratios of 

AMP/ATP or ADP/ATP increase (Hardie, 2007). 

Mig1 represses gene expression from low to high glucose concentrations; contrariwise, 

Rgt1 represses gene expression from low to depleted glucose concentrations; 

superimposition of these repressors ensures the proper expression of the high-affinity 

2.5.2 Glucose repression pathway Snf1/Mig1  
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transporters Hxt7 and Hxt6 as well as moderate glucose transporters of Hxt2, Hxt4 at low 

glucose concentrations  (Özcan & Johnston, 1999; Kaniak et al., 2004; Westholm et al., 

2008). 

The cAMP-dependent protein kinase (PKA) regulates numerous cellular processes at 

transcriptional and translational levels, including cell growth, response to stress, carbon 

storage, and differentiation (Smith et al., 1998; Wu et al., 2020). S. cerevisiae contains 

three partially redundant forms of the PKA catalytic subunits, named Tpk1, Tpk2, and Tpk3, 

and one form of the regulatory subunit, called Bcy1 (Budhwar et al., 2010). Extracellular 

glucose or sucrose activates PKA via the plasma membrane G protein-coupled receptor, 

Gpr1, which in the presence of these sugars promotes the transition of the G Protein Alpha 

subunit Gpa2 from an inactive form (bound with GDP) to an active form (bound with GTP). 

GTP-Gpa2 form activates the adenylate cyclase Cyr1, which catalyzes cAMP synthesis 

from ATP. cAMP binds the regulatory subunit Bcy1 of PKA, exposing the active site of 

Tpk1, 2, and 3, resulting in PKA activation (Gancedo, 2008; Wu et al., 2020). cAMP-PKA 

pathway is also activated by intracellular glucose, fructose, mannose, and their 

phosphorylated metabolites, which increase the activity of the guanine nucleotide 

exchange factors Cdc25 and its paralog Sdc25; these enzymes stimulate the exchange of 

GDP for GTP in the G-protein Ras1 and its homolog Ras2. Active GTP-Ras1/2 forms, 

similarly to Gpa2, increase Cyr1 activity and, consequently, PKA activity (Gancedo, 2008; 

Wu et al., 2020). 

PKA is involved in the phosphorylation of many substrates, including the glycolytic 

enzymes 6-phosphofructo-2-kinases PfK26 and PfK27, as well as pyruvate kinases Pyk1 

and Pyk2 (Portela et al., 2002, 2006). PKA indirectly controls the activity of Snf1 by the 

activation of PP1 phosphatase (Glc7-Reg1) and the partial deactivation of the kinase Sak1 

(see chapter 2.5.2) (Barrett et al., 2012; Castermans et al., 2012). As previously mentioned 

in chapter 2.5.1, PKA hyperphosphorylates Rgt1, turning it from a transcriptional repressor 

into a transcriptional activator of HXT1. 

The galactose permease GAL2 gene expression depends on intracellular galactose. The 

induction is mediated by Gal3 protein, which acts as a galactose sensor. The protein Gal3 

is structurally similar to its paralog galactokinase Gal1, which phosphorylates 

alpha-D-galactose to alpha-D-galactose-1-phosphate in the first step of galactose 

catabolism; the difference between Gal1 and Gal3 is that Gal3 does not have kinase 

2.5.3 cAMP-PKA pathway 

2.5.4 Gene regulation of the galactose permease Gal2  
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activity. Gal3 binds galactose and ATP, allowing the formation of the protein complex with 

the negative regulator Gal80, which interacts directly with the domain of Gal4, a 

transcriptional activator required to express GAL genes. The tripartite protein complex 

enables the inhibition of Gal80 and subsequent activation of Gal4, required for the 

transcription of GAL2, among other GAL genes (Platt & Reece, 1998).  

Internalization of hexose transporters, like many other yeast nutrient-permeases, is an 

additional regulatory step that complements their gene expression. Together they allow 

the cell to respond to substrate availability, overall nutrient supply conditions, and stress. 

The degradation of yeast nutrient-permeases is mediated by the covalent attachment of 

the small 76 amino acid protein ubiquitin (Ub) to the targeted transporter; in a multi-step 

process called ubiquitination (Figure 4) (briefly mentioned in chapter 2.5.1), where 

ubiquitin serves as a signal for promoting the internalization of the targeted transporter.  

The multi-step ubiquitination process is an evolutionarily conserved process that involves 

the activation of the Ub molecule by the E1 Ub-activating enzyme using ATP; then, the 

activated Ub is transferred to a specific Ub-conjugating enzyme E2, which can donate the 

Ub directly to a lysine residue of the protein substrates through the formation of the 

complex with an Ub–ligase E3 of the RING family (Figure 4C) or indirectly through specific 

HECT E3 enzymes (Figure 4B). Target proteins can be ubiquitinated on a single lysine 

residue or multiple lysine residues; alternatively, Ub can be ligated to other Ub, creating 

Ub chains where each Ub is linked to one of the seven lysine residues of the prior Ub 

(Figure 4D, and 4E) (Rotin & Kumar, 2009; Lauwers et al., 2010). The role of mono, multi, 

or poly-ubiquitination in the internalization of the transporters is not entirely understood; 

nevertheless, there is strong evidence that mono-ubiquitination is enough to trigger the 

transporter internalization, multi ubiquitination accelerates the internalization process, and 

polyubiquitination may be required in later steps of endocytosis (Lucero et al., 2000; Horak 

& Wolf, 2001; Blondel et al., 2004; Lauwers et al., 2009). 

2.6 Hexose transporters catabolite degradation 
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Figure 4: Ubiquitination cascade, with two types of E3 ubiquitin–protein ligases, ubiquitin 
molecule and ubiquitin modifications. (A) Multistep conjugation process of the ubiquitin molecule 
to a protein substrate, (B, C) two main groups of ubiquitin protein ligases E3, HECT and the RING, 
(D) mono ubiquitination, (multi)mono ubiquitination and polyubiquitination, (E) seven lysine residues 
of the ubiquitin molecule, lysine residues are depicted in white and the ε-amino-group nitrogen in 
blue, in red Ile44 ubiquitin-binding domain. The figures A, B, C were taken and modified from Rotin 
and Kumar 2009; the figures D, E were taken from Hicke, Schubert, and Hill 2005. 

 
Yeast genome encodes a single E1, eleven E2s, and 54 E3s (Hicke et al., 2005). However, 

the Ub transfer in the last step of ubiquitination of the yeast nutrient-permeases is only 

mediated by Rsp5, a NEDD4 family E3 ubiquitin ligase. The architecture of Rsp5 features 

an N-terminal C2 domain, which binds to phospholipids and mediates intracellular 

targeting to the plasma membrane, endosomes, and multivesicular bodies (MVBs), three 

WW domains, where each domain contains two conserved tryptophan (W) residues, 

spaced by 21 amino acids apart within the conserved sequence domain, which are 

required to bind with PY motifs (PPxY, LPxY) for protein−protein interaction and finally a 

C-terminal HECT ligase domain. This architecture signature is conserved in the NEDD4 

family members (Rotin & Kumar, 2009; Lauwers et al., 2010). 

Several S. cerevisiae permeases under Rsp5 control do not contain any PY motif. 

Therefore, Rsp5 binds via its WW domains to the PY motif of accessory proteins, which 

act as specific Rsp5 adaptors to achieve the ubiquitination of the target permease. Many 

Rsp5 adaptor proteins have been identified in the past years, including the arrestin-related 

trafficking adaptors (ARTs) protein family comprised of Art1 to Art10 (Nikko & Pelham, 

2009), Bul1 and its paralog Bul2 and homolog Bul3 (Yashiroda et al., 1996, 1998; 

Novoselova et al., 2012), Ear1 and its homolog Ssh4 (Stimpson et al., 2006) (Stimpson et 

al., 2006), Tre1 and its paralog Tre2 (Stimpson et al., 2006) and Bsd2 (Hettema et al., 

2004). Rsp5 adaptors play a crucial role in the selective recognition of the nutrient 
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permeases, bringing the ubiquitin ligase Rsp5 into the proximity to achieve ubiquitination. 

However, it is still unclear how Rsp5 adaptors recognize targeted proteins, considering 

that nutrient permeases in several cases are phosphorylated prior to ubiquitination, in 

which phosphorylation is a requirement for the correct recognition by Art adaptors (Marchal 

et al., 1998; Kelm et al., 2004; Nikko et al., 2008).  

In many cases, the endocytic activity of Rsp5 adaptors is modulated by their 

phosphorylation/dephosphorylation status. Phosphorylation of Rsp5 adaptors generally 

impairs their endocytic trafficking function, while dephosphorylation facilitates or improves 

Rsp5 adaptor-mediated endocytosis. In S. cerevisiae, multiple kinases like Snf1 (see 

chapter 2.5.2), Npr1, Pho85, Ypk1, the protein kinase A (PKA), Yck1, and its paralog Yck2 

are capable of directly phosphorylating Rsp5 adaptors (Shinoda & Kikuchi, 2007; 

O’Donnell et al., 2010; Muir et al., 2014; Herrador et al., 2015; Hovsepian et al., 2017), 

and many more kinases have been shown to have catalytic activity towards Rsp5 adaptors 

in high-throughput in vitro kinase assays (O’Donnell & Schmidt, 2019). 

A nitrogen-dependent regulation of Rsp5 adaptors involves the kinase Npr1. The nitrogen 

permease reactivator kinase Npr1 phosphorylates Rsp5 adaptors involved in amino acid 

permeases internalization, including Ldb19 (Art1), causing its inactivation. Ldb19 is 

involved in the internalization of the arginine permease Can1. Furthermore, the highly 

conserved multiprotein kinase complex, which senses cellular and environmental signals, 

including nutrient availability, energy levels, and growth signals, TORC1, negatively 

regulates Npr1 by phosphorylation. This regulatory loop acts in response to amino acid 

availability to ensure proper levels of them inside the cell (O’Donnell et al., 2010; MacGurn 

et al., 2011). 

The alpha arrestin Rod1 is involved in the degradation of nutrient permeases, including 

the monocarboxylate/proton symporter Jen1, the high-affinity glucose transporter Hxt6 and 

probably due to its high homology (99%), the high-affinity glucose transporter Hxt7. Under 

low glucose conditions, the Snf1 kinase phosphorylates Rod1 and drastically decreases 

its endocytic activity. Rod1, under phosphorylation, binds with the 14-3-3 proteins Bmh1 

and Bmh2; they act as negative regulators impeding their own ubiquitination by Rsp5, 

which is a modification required to activate Rod1 mediated trafficking like many other 

ARTs. On the other hand, under high glucose availability, the PP1 phosphatase 

2.6.1 Nitrogen signaling for transporters turnover 

2.6.2 Glucose signaling for transporters turnover 
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(phosphatase Glc7 with the regulatory subunit Reg1) dephosphorylates Rod1 and blocks 

Snf1 activity through the dephosphorylation of its threonine 210. These synergistic effects 

result in the activation of Rod1, and subsequent ubiquitination of Hxt6 by Rsp5 (Becuwe 

et al., 2012; Llopis-Torregrosa et al., 2016). In vitro assays have identified other Rsp5 

adaptors as substrates of Snf1, like Rog3, Aly2, and Bul2; Nevertheless, the interaction 

between Snf1, Rog3, Aly2, and Bul2 Rsp5 adaptors and the target nutrient permeases is 

not yet fully elucidated; however, many Rs5p adaptors target similar nutrient permeases 

in a duplicated or synergistic manner; for this reason, they probably share common 

regulatory steps involving the above-described steps under similar scenarios (O’Donnell 

& Schmidt, 2019). 

 

Figure 5: Model for Hxt6 regulation by the Rod1, Snf1 and Bmh1 pathway. (A) Stable 
expression of Hxt6 at the plasma membrane at low glucose concentration where Rod1 Is 
phosphorylated by Snf1, promoting the binding of Bmh1 (or Bmh2), decreasing Rod1 endocytic 
activity. (B) ubiquitination of Hxt6 by Rsp5 with the aid of the adaptor Rod1, (C) endosomal sorting 
complex required for transport and (D) multivesicular bodies (MVB), (E) final degradation at the 
vacuole. The figure was taken and modified from Llopis-Torregrosa et al. 2016. 

 

Carbon sources changes and mainly glucose availability modulate Rsp5 adaptors 

expression in S. cerevisiae. In particular, the expression of CSR2 (ART8) is induced when 

lactate is used as a carbon source, which is thought to mimic glucose starvation conditions; 

on the other hand, its expression is inhibited in glucose replete conditions. The mechanism 

underlying the expression of the CSR2 gene is modulated by the Snf1 kinase and 

2.6.3 Gene regulation of Rsp5 adaptors 
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transcriptional repressors Mig1 and Mig2 (Hovsepian et al., 2017) (see chapters 2.5.1 and 

2.5.2). In cells growing in lactate as a carbon source, Snf1 kinase is active and targets 

Mig1 and Mig2 as substrates for phosphorylation, which impede them from entering the 

nucleus to exercise their repression on many genes, including CSR2. Upon expression, 

Csr2 protein is ubiquitinated by Rsp5 at the lysine 670; ubiquitination is necessary for its 

activation and is not involved in Csr2 degradation, like in many other ARTs, including the 

abovementioned Rod1. Active Csr2 acts as an adaptor of Rsp5 to achieve ubiquitination 

on the high and moderate affinity glucose transporters Hxt7, Hxt6, Hxt2, and Hxt4. When 

cells are shifted into a glucose-replete medium, CSR2 transcription is repressed, and PKA 

phosphorylates Csr2, phosphorylated Csr2 bind 14-3-3 Bmh1/2 proteins, which probably 

leads to Csr2 deubiquitination and its consequent inactivation (Hovsepian et al., 2017).  

 

Figure 6: Model for regulation of Csr2 by glucose availability. (A) Glucose absence causes 
activation of Snf1, which inhibits the transcription factors Mig1 and Mig2, causing CSR2 
derepression. Rsp5 ubiquitinates Csr2, and the ubiquitin-specific protease Ubp2 regulates the 
ubiquitin chain elongation by deubiquitination. Active ubiquitinated Csr2 serves as an adaptor for 
the ubiquitination of Hxt6 by Rsp5. (B) The addition of glucose to the medium causes Mig1 and 
Mig2 repression on CSR2 transcription, concomitant with Csr2 phosphorylation by protein kinase 
A, causing the binding of Bmh1 and Bmh2 proteins and the subsequent deactivation of Csr2. The 
figure was taken and modified from Hovsepian et al. 2017. 

 
Rod1 abundance, in contrast to Csr2, is significantly high in glucose-grown cells and is 

repressed when cells are shifted into a lactate-containing medium. In this way, Rod1 and 

Csr2 modulate the degradation of the high-affinity glucose transporters Hxt6 and Hxt7 

under lactate (or glucose-depleted conditions) as well as in high glucose concentrations 

(Becuwe et al., 2012; Llopis-Torregrosa et al., 2016; Hovsepian et al., 2017). Similar 

regulatory loop regulation could probably be observed in the high-affinity glucose 

transporters Hxt2 and Hxt4; however, there is no direct experimental proof that Rod1 is 

involved in the ubiquitination of Hxt2 and Hxt4 in glucose-depleted conditions. 
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Ubiquitinated nutrient permeases (referred to as "cargos") are sent via plasma membrane 

invagination to early endosomes, where they encounter ESCRTs (endosomal sorting 

complex required for transport). There are five protein complexes ESCRT 0, ESCRT I, 

ESCRT II, ESCRT III, and the AAA ATPase Vps4 complex. The complexes ESCRT-0, I, 

and II, where each contains at least one protein with a ubiquitin-binding domain (UBD), 

recognize ubiquitinated cargoes and concentrate them into microdomains at the 

endosomal membrane; then the ESCRT III promotes the local membrane invagination at 

the site of cargo concentration, in this stage, the cargoes are deubiquitinated to allow 

recycling Ub and avoid its depletion. Finally, the Vps4 complex catalyzes ESCRT-III 

disassembly and intralumenal vesicle (ILV) released into the endosome lumen. After many 

cycles, several ILVs are formed and accumulated inside the endosome, turning it into a 

mature endosome called multivesicular body (MVB). The MVB then fuses with the vacuole 

to expose the protein content of the ILVs to lumenal hydrolases for degradation (Figure 7) 

(Lauwers et al., 2010; Finley et al., 2012; McNally & Brett, 2018). 

 

Figure 7: Route to the vacuole lumen for degradation of the arginine permease Can1. 
Invaginated membranes containing ubiquitinated Can1 (or other cargoes) accumulate at the lumen 
of endosomes as intralumenal vesicles (ILVs) via the endosomal sorting complex required for 
transport (ESCRTs). The accumulation of many ILV at the lumen of the endosome turns it into a 
mature endosome called multivesicular bodies (MVB). The figure was taken and modified from 
McNally and Brett 2018. 

 
A degradative pathway, which bypasses the ESCRTs complex via cargoes accumulation 

on vacuolar membranes and subsequent internalization as an intralumenal fragment (ILF) 

for its degradation, was proposed for some nutrient permeases, like the hexose transporter 

Hxt3 (McNally & Brett, 2018). However, recent studies based on microfluidic imaging 

methods, which can capture the complete degradation process in vivo, showed that 

ESCRTs complexes on the vacuole membrane are responsible for sorting the cargoes into 

2.6.4 Degradation of cargoes via multivesicular body (MVB) pathway 
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the lumen for its degradation. Furthermore, the authors reveal that any ESCRT complex 

deletion in S. cerevisiae blocked the degradation of Hxt3, evidence that confirms the 

ESCRTs as the only pathway for the degradation of the nutrient permeases (Yang et al., 

2021). 

Xylose and arabinose are not natural substrates of S. cerevisiae; consequently, it is 

unclear how yeast responds to these carbon sources. For instance, xylose and arabinose 

do not activate a signaling cascade through plasma membrane glucose sensors Rgt2 and 

Snf3, measured by Mth1 degradation (Jouandot et al., 2011; Brink et al., 2016). in the 

same direction, xylose and probably arabinose do not trigger signaling via the plasma 

membrane G protein-coupled receptor Gpr1, which is responsible for triggering nutritional 

signals that modulate cell fate via PKA and cAMP synthesis (Rolland et al., 2000). Studies 

in recombinant yeast capable of consuming xylose showed that several genes, which are 

repressed via the Snf1/Mig1 pathway during growth on glucose, had higher expression in 

the cells grown on xylose. Nevertheless, the expression of these genes was lower than in 

glucose derepressed cells; that is to say, recombinant yeast cells capable of growing in 

xylose exhibit a metabolism that is neither represented by a fully glucose repressed state 

nor completely glucose derepressed condition (Salusjärvi et al., 2008).  

High mRNA levels were detected from the genes that codify the transporters Hxt6 and 

Hxt7 in recombinant yeast cells growing in xylose under high aeration as well as oxygen 

limiting conditions; meanwhile, Hxt2 transcription was high in cells growing in xylose under 

high aeration (Jin et al., 2004).  

Different strategies have been proposed to circumvent the lack of xylose and arabinose 

signaling pathways able to activate and deactivate the expression of hexose transporters 

in recombinant S. cerevisiae, capable of consuming these non-natural substrates, which 

include: promoter substitution in hexose transporters genes for constitutive promoters 

(Sedlak & Ho, 2004; Subtil & Boles, 2012), truncation of hexose transporters genes 

promoters to remove  transcription factors binding regions (Hauf et al., 2000; Hamacher 

et al., 2002; Subtil & Boles, 2012; Shin et al., 2015), gene knockouts of components of the 

three primary sugar signaling pathways (Nijland & Driessen, 2020; Wu et al., 2020) and 

the creation of semi-synthetic signaling pathways able to react in the presence of xylose 

(Endalur Gopinarayanan & Nair, 2018). 

2.7 Cell response in the presence of xylose and arabinose 

2.7.1 Strategies to circumvent the lack of sensing of xylose and arabinose 
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Jeroen G. Nijland et al. (2016), investigated catabolite degradation of transporters in 

recombinant S. cerevisiae capable of consuming xylose and showed that the low-affinity 

hexose transporters Hxt1, and Hxt36 (a chimeric transporter formed by the N-terminus of 

Hxt3 (438 aa) and the C-terminus of Hxt6 (130 aa)), are rapidly degraded in a medium 

containing xylose as a sole carbon source, similar as in a depleted glucose medium. 

Meanwhile, the moderate affinity hexose transporters Hxt5 showed a slow degradation 

rate in xylose, although similar to the rate of degradation in a depleted glucose medium. 

Nevertheless, the trigger signal for the degradation of these transporters was not 

assessed; it could be due to glucose absence rather than the presence of xylose itself 

(Nijland et al., 2016). The authors suggest that the degradation of Hxt1 and Hxt3 is too 

fast in the xylose medium to enable its use as a sole carbon source in a strain, lacking the 

primary hexoses transporters (HXT1-7 and GAL2) and endowed with the xylose catabolic 

pathway, where only Hxt1 or Hxt3 were expressed independently, even though these 

transporters feature high Vmax values for xylose uptake, however, with a low affinity (Nijland 

et al., 2016; Nijland & Driessen, 2020). 

A few strategies have been reported to avoid catabolite degradation of the hexose 

transporters, which are essential to consume non-physiological substrates like arabinose 

and xylose, including the use of recombinant strains with an Rsp5 E3 ubiquitin ligase 

variant carrying a mutation at the HECT domain (L733S) that impaired the catalysis of 

substrate ubiquitination (Wang et al., 1999; Snowdon & van der Merwe, 2012). In addition, 

knockout of Rsp5 adaptors had been reported to impair ubiquitination of hexose 

transporters (Nikko & Pelham, 2009; O’Donnell et al., 2015; Sen et al., 2016; Hovsepian 

et al., 2017). However, these approaches have not been proved in recombinant 

S. cerevisiae strains capable of consuming arabinose and xylose to assess possibly 

enhanced effects in the utilization of these non-physiological substrates. 

Direct engineering of the hexose transporters by mutating or removing lysine residues from 

the amino acid sequence to eliminate the ubiquitination sites has been shown to disrupt 

catabolite inactivation of the transporters (Roy et al., 2014; Nijland et al., 2016). The benefit 

of this method is that the ubiquitination machinery remains intact, avoiding phenotype 

issues related to the deletion or insertion of mutant enzymatic variants impaired for 

ubiquitination. However, finding specific residues involved in the ubiquitination process 

may be time-consuming, considering hexose transporters have between 20 to 30 lysine 

residues, comprising 3.51% to 5.29% of the total amino acid composition of the 

transporters, where most of them are not involved in the ubiquitination; therefore, the lysine 

substitution or removal may harm the performance of the transporter. The lysine residues 
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involved in ubiquitination are usually located in the N-terminus, middle loop, and 

C-terminus, cytoplasmatic domains. Bioinformatics tools are available to predict 

ubiquitination sites and offer a good starting point to test different constructs of the 

transporters (Radivojac et al., 2010).  

Lysine to arginine mutations in the transporter Hxt36 at the residues K12, K25, and K56, 

located at the N-terminus, turn the transporter stable at the plasma membrane 

independent of the carbon source (Nijland et al., 2016) (Figure 8). Fermentations with 

recombinant S. cerevisiae, lacking the HXT1-7/GAL2 genes, harboring a xylose utilization 

pathway, and overexpressing the Hxt36 stable variant (Hxt363K), resulted in a strain able 

to rapid growth in medium including xylose as a sole carbon source in comparison to the 

same strain overexpressing Hxt36 wild-type (Nijland et al., 2016). Moreover, fermentations 

with the same strains in a glucose/xylose medium showed an overall decrease in the 

fermentation time for the strain overexpressing Hxt363K, however with a sequential 

utilization of glucose and xylose, respectively (Nijland et al., 2016). 

 

Figure 8: Membrane localization of the transporter Hxt36 and the variant Hxt36-3K fused to 
GFP. Micrographs of cells expressing the transporter Hxt36GFP and the variant Hxt363K_GFP 

(K12,25,56 to R) over time (T(h)). Cells were grown on minimal medium with 2% glucose (A) and 
2% xylose (B). The figure was taken and modified from Nijland et al. 2016. 
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As mentioned in chapter 2.6, upstream phosphorylation signals may trigger ubiquitination 

at the target proteins; therefore, mutations or removal of the amino acids involved in 

phosphorylation could disrupt catabolite inactivation of the target permease (Marchal et 

al., 1998; Kelm et al., 2004; Nikko et al., 2008). For example, the plasma membrane 

ATP-binding cassette (ABC) transporter Ste6 is sequentially phosphorylated at the 

residues T613 and S623, ubiquitinated, and delivered to the vacuole for degradation; 

mutations of these residues to alanine successfully blocked its ubiquitination and 

endocytosis (Kelm et al., 2004). However, identifying phosphorylation residues directly 

involved in ubiquitination may be challenging due to the large number of residues that may 

be phosphorylated, as well for the wide range of amino acid consensus sequences used 

for the kinases to recognize their substrates (Kennelly & Krebs, 1991; Suzuki et al., 2015); 

for instance, the galactose permease Gal2 has 51 serine, 27 threonine, and 25 tyrosine 

residues, comprising together the 17.95% of the total amino acid composition of the 

transporter. Nevertheless, recently high-throughput mass spectrometry studies have 

verified in vivo phosphorylation sites in the S. cerevisiae proteome (Holt et al., 2009; 

Sadowski et al., 2013). These experimental data can be used to reduce the screening of 

phosphorylation sites directly involved in the internalization of the target transporter. 

Hexose transporters are subjected to catabolite inactivation depending on the 

physiological state of the cells and the carbon source availability in the medium; however, 

not all of them exhibit the same degradation rate; for example, the low-affinity glucose 

transporter Hxt11 is stable at the plasma membrane over a wide range of glucose 

concentrations (Shin et al., 2015), the stability relay on its N-terminal where most of 

S. cerevisiae transporters harbor the degron signaling information; for instance, the 

truncation of the N-terminal of Hxt7 blocked its degradation in a high glucose medium 

(Krampe & Boles, 2002); nevertheless, the truncation also caused a significant loss in 

activity of the transporter. A way to circumvent these issues is to create chimeras harboring 

an N-terminal of a stable transporter with the rest of the peptide sequence corresponding 

to a transporter with suitable kinetic properties for the uptake of pentose sugars. Shin et 

al. (2017) successfully developed a chimeric transporter between Hxt11 and Hxt2 where 

the residues 1 to 49 of Hxt2 were replaced by the residues 1 to 54 of Hxt11, resulting in a 

chimera with stable plasma membrane expression with the identical kinetic properties of 

Hxt2. Fermentations with recombinant S. cerevisiae, lacking the HXT1-7/GAL2 genes, 

harboring a xylose utilization pathway, and overexpressing the chimera Hxt11/Hxt2 

resulted in a strain able to consume xylose faster in a medium containing xylose/glucose 

mixtures, with high concentrations of the inhibitor acetic acid, in comparison to the same 

strain overexpressing Hxt2 wild-type (Shin et al., 2017). 
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The low affinity for xylose and arabinose in comparison to glucose is a significant 

disadvantage of the endogenous S. cerevisiae hexose transporters; as a result, glucose 

is the preferred substrate for uptake in mixed sugar fermentations, a phenomenon that 

causes a lack in the influx of pentoses which are competitively inhibited by glucose (Subtil 

& Boles, 2011; Farwick et al., 2014; Nijland et al., 2014). Furthermore, the heterologous 

expression in S. cerevisiae of known xylose and arabinose transporters showed similar 

results to the endogenous transporters, where neither of them is exclusively selective for 

these pentose sugars, leading to similar issues of competitive inhibition by glucose in 

mixed sugar fermentations (Henderson & Maiden, 1990; Subtil & Boles, 2011). Moreover, 

heterologous xylose transporter like the xylose/glucose/H+ symporter CiGxs1 

from Candida intermedia (Leandro et al., 2006) exhibit low xylose uptake rates in 

comparison with some S. cerevisiae´s endogenous transporters like Gal2, who exhibit a 

Vmax value 16 times higher than CiGxs1 (5.68 vs. 91.3 nmol min-1 mgCDW
-1, respectively) 

(Young et al., 2012; Farwick et al., 2014).   

A few approaches have been used to engineer pentose transporters that are no longer 

inhibited by glucose, including evolutionary engineering, error-prone PCR, gene shuffling, 

and overexpression, among other techniques, with the aim to increase the availability of 

xylose and arabinose inside the cell, allowing co-consumption of glucose and pentoses in 

sugar mixed fermentations (Nijland & Driessen, 2020).  

Using an error-prone PCR technique in conjunction with a screening S. cerevisiae strain, 

which lacks all hexose transporter (hxt0), as well as all glucose hexokinases (hxk0), and 

harbors a xylose utilization pathway, Farwick et al. (2014) were able to identify an 

asparagine residue (376) at the transmembrane helix 8 of the galactose permease Gal2, 

which is involved in the glucose affinity. This asparagine residue is conserved among all 

hexose transporters and plays a crucial role in glucose recognition (Farwick et al., 2014; 

Nijland et al., 2014). Gal2 asparagine´s 376 substitution by phenylalanine resulted in a 

transporter (Gal2N376F) that completely abolished the uptake of glucose with decreased Km 

values for xylose in comparison to the wild type (91mM and 225mM, respectively) (Farwick 

et al., 2014); similar results were obtained for the substitution of the asparagine 366 in 

Hxt11 (Shin et al., 2015), 367 in Hxt36 (Nijland et al., 2014), and 370 in Hxt7 (Farwick et 

al., 2014).  

2.8 Steric inhibition of xylose and arabinose transport by 

glucose 
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Structure analyses of Gal2 and Hxt36, based on the crystal structure of the proton-coupled 

sugar transporter XylE from E. coli, bound with glucose, showed the residue N376 in Gal2 

and N367 in Hxt36, located at the sugar-binding pocket site in close proximity with the 

hydroxymethyl group of glucose, which is absent in xylose and arabinose (Farwick et al., 

2014; Nijland et al., 2014). Substitution of this conserved asparagine by other amino acids 

that are more hydrophobic or bulkier could interfere with the proper binding of glucose 

(Nijland & Driessen, 2020). In particular, the N376F mutation in Gal2 drastically reduces 

the space in the transporter´s central cavity, which may probably be responsible for the 

complete abolishment of glucose uptake (Farwick et al., 2014). 

Gal2, a member of the major facilitator superfamily, is one of the most studied hexose 

transporters in S. cerevisiae. Although its expression is repressed in the presence of 

glucose (chapter 2.5.4), it also transports this sugar with high affinity when constitutively 

expressed (Reifenberger et al., 1997). Recent efforts to engineer yeast strains for the 

utilization of plant biomass have unraveled the ability of Gal2 and Gal2 variants to transport 

non-physiological substrates (Table 1). Specifically, Gal2 was shown to transport xylose 

(Hamacher et al., 2002; Young et al., 2011), arabinose (Becker & Boles, 2003; Wisselink 

et al., 2007; Subtil & Boles, 2011), xylitol (Tani et al., 2016) and D-galacturonic acid 

(Protzko et al., 2018). As previously mentioned in chapter 2.8 improving its kinetic 

properties and substrate specificity, especially for pentoses, has become a crucial target 

in strain engineering (Farwick et al., 2014; Reznicek et al., 2015; Wang et al., 2017; 

Verhoeven et al., 2018).  

This study will focus on the engineering of hexose transporters of S. cerevisiae, with a 

particular focus on Gal2, with the final goal of improving the utilization of the 

non-physiological substrates arabinose and xylose. 

 

 

 

 

2.9 Relevance of the galactose permease Gal2 in the uptake of 

non-physiological substrates in S. cerevisiae 
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Table 1: Kinetic properties of different galactose permease Gal2 mutants and the respective wild 
type for different substrates. 

 

  Main features Glucose Km (mM) Reference  

Gal2   Wild type 1.5 ± 0.2 (Farwick et al., 2014) 

1.9 ± 0.2 (Bracher et al., 2018) 

Gal2N376V Decreased affinity for glucose 22.27 ± 0.2 (Farwick et al., 2014) 

Gal2N376F Unable to transport glucose - (Farwick et al., 2014) 

Gal2N376I Decreased affinity for glucose 101 ± 47 (Verhoeven et al., 2018) 

Gal2N376S Decreased affinity for glucose 38 ± 1 (Verhoeven et al., 2018) 

Gal2N376T Decreased affinity for glucose 57 ± 1 (Verhoeven et al., 2018) 

Gal2N376T_T89I Unable to transport glucose  - (Verhoeven et al., 2018) 

Gal2T89I Decreased affinity for glucose 7 ± 0.2 Verhoeven 2021 

  Main features Arabinose Km (mM) Reference  

Gal2   Wild type 57 ± 11  (Subtil & Boles, 2011) 

335 ± 21 (Bracher et al., 2018) 

Gal2N376I Decreased affinity for glucose  117 ± 16  (Verhoeven et al., 2018) 

Gal2N376S Decreased affinity for glucose 186 ± 33  (Verhoeven et al., 2018) 

Gal2N376T Decreased affinity for glucose 171 ± 17  (Verhoeven et al., 2018) 

Gal2N376T_T89I Unable to transport glucose  103 ± 40  (Verhoeven et al., 2018) 

Gal2T89I Decreased affinity for glucose 99 ± 18 (Verhoeven et al., 2018) 

  Main features Xylose Km (mM) Reference  

Gal2   Wild type 225.6 ± 15.8 (Farwick et al., 2014) 

Gal2N376V Decreased affinity for glucose 168.3 ± 31.6 (Farwick et al., 2014) 

Gal2N376F Unable to transport glucose 91.4 ± 8.9 (Farwick et al., 2014) 

  Main features Galactose Km (mM) Reference  

Gal2   Wild type 5.3 ± 0.2 (Kasahara et al., 1996) 
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The main goal of this study was to improve the utilization of the main pentose fraction of 

lignocellulosic feedstocks, D-xylose, and L-arabinose in S. cerevisiae by increasing the 

cell permeability of these non-physiological substrates by engineering the galactose 

permease Gal2. 

First, we aim to stabilize the Gal2 transporter at the plasma membrane in the presence of 

glucose, the main component of lignocellulosic feedstocks, which triggers the Gal2 

degradation, mediated by the covalent attachment of the small 76 amino acid protein 

ubiquitin (Ub) to a lysine residue at the targeted transporter; in a multi-step process called 

ubiquitination. 

We evaluated the stability at the plasma membrane of the transporters as an indirect 

measurement of ubiquitination impairment. The technique was based on the in vivo 

subcellular localization by confocal laser scanning microscopy (CLSM) of the wild type 

transporters and their variants fused with GFP at the C-terminus. Using this approach, we 

screened for different Gal2 constructs where lysine residues were mutated or removed 

from the protein sequence to uncover which lysine residues are likely involved in 

ubiquitination and consequent turnover of the transporter. We furthermore evaluated 

upstream signals caused by phosphorylation which triggers ubiquitination and consequent 

turnover of the targeted protein by screening Gal2 constructs where serine residues were 

mutated to alanine in the protein sequence. 

We aimed to identify E3 ubiquitin ligase adaptors involved in the recognition of Gal2 

permease to attempt impair ubiquitination. We individually deleted the Rsp5 adaptors 

BUL1 and ROD1 ORFs and expressed Gal2 wild-type in these strains to assess its in vivo 

subcellular localization. 

In this study, by using error-prone PCR (epPCR) and a screening system based on a 

recombinant strain AFY10 which lacks all hexose transporters and hexo-/glucokinases and 

is genetically engineered to use pentoses as a carbon source when the pathways are 

provided (Farwick et al., 2014), we aimed to find new mutations in Gal2 that enable the 

permease to transport pentoses without steric inhibition caused by glucose and an 

improved capacity for xylose and arabinose transport. 

Finally, we aimed to determine how intracellular glucose interferes with the uptake of 

xylose and identify if glucose-insensitive transporters variants like Gal2N376F exhibit a 

symmetrically reduced affinity for glucose from both sides of the plasma membrane. 

3 Aim of the thesis  
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The main goal of the thesis was to improve the utilization of xylose and arabinose by 

increasing the cell permeability of these sugars, mediated by the galactose permease 

Gal2. In the project's first stage, the objective was to stabilize the galactose permease 

Gal2 at the plasma membrane through different approaches, where some of them ended 

up in successfully stabilized Gal2 variants; these results can be seen in the first publication 

(Tamayo Rojas et al., 2021b) (see chapter 6.1). The second goal was to engineer the Gal2 

permease to find mutations that render variants that exhibit a high transport rate of 

pentoses, which are less susceptible to competitive glucose inhibition; these results can 

be seen in the second publication (Tamayo Rojas et al., 2021a) (see chapter 6.2). 

Considering the overall results of the previously mentioned publications, we aimed to 

answer the influence of intracellular glucose in the uptake of xylose, which leads us to 

develop an in vivo assay for the analysis of glucose efflux. These results culminated in the 

last publication presented in this thesis (Tamayo Rojas et al., 2022) (see chapter 6.3).  

Considering that all results and their discussions are already embedded in the 

publications, the following discussion chapters will focus mainly on the central results that 

interconnect the manuscripts, as well as future approaches that can be taken for the 

project continuity. 

Gal2 contains 30 lysine residues, corresponding to 5.23% of the total amino acid 

composition of the peptide sequence. It is known that mono-ubiquitination by Rsp5 on 

multiple lysine residues is necessary to internalize Gal2 (Horak & Wolf, 2001) (see chapter 

2.6). However, the authors did not identify the specific lysine residues involved in the 

ubiquitination processes. This study screened several Gal2 variants where lysine residues 

were mutated or removed from the peptide sequence to discover which lysine residues 

are likely involved in ubiquitination and consequent turnover of the transporter. The 

screening technique was based on the in vivo subcellular localization of the wild type 

transporters and their variants fused with GFP at the C-terminus by confocal laser 

scanning microscopy (CLSM) to evaluate the stability at the plasma membrane of the 

transporters, which is an indirect measurement of ubiquitination impairment.  

The subcellular localization of Gal2 wild-type in cells growing in galactose showed a 

localization at the plasma membrane but partly also in the vacuole (Figure 9A), indicating 

4 General discussion 

4.1 Identification of Gal2 lysine residues involved in 

ubiquitination 
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a constitutive degree of degradation (Tamayo Rojas et al., 2021b); However, the 

subcellular localization of the Gal2 wild-type in cells growing in glucose was mainly in the 

vacuole compartment (Figure 9B), which is consistent with previous observations (Horak 

et al., 2002). 

After screening different Gal2 constructs with mutated or removed lysine residues, we 

found that mutations of the N-terminal lysine residues 27, 37, and 44 (Gal23KR) to arginine 

produced a functional transporter that, when fused with GFP (Gal23KR_GFP), showed an 

exclusive localization at the plasma membrane in cells growing in galactose or glucose as 

a sole carbon source (Figure 9C and 9D). This result revealed how crucial are these lysine 

residues for the degradation of Gal2 (Tamayo Rojas et al., 2021b). However, future studies 

could examine if simultaneous ubiquitination must occur on all three lysine residues (K27, 

K37, and K44) in Gal2 as a pre-requisite for the transporter turnover or if each lysine 

residue's ubiquitination induces partial or complete transporter degradation.  

 

Figure 9: Subcellular localization of Gal2 with mutated lysine residues 27, 37, and 44. 
Representative micrographs of CEN.PK2-1C cells expressing GFP-tagged Gal2 wild-type (A, B) 
and Gal23KR (C and D) from centromeric plasmids. The cells were grown in SC media with 2% 
galactose, left (A and C), or 2% glucose, right (B and D). The scale bar represents 4µM. The figure 
was taken and modified from Tamayo Rojas et al., 2021b. 
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The involvement in ubiquitination of the lysine residues 27, 37, and 44 was foreseen by 

the ubiquitination prediction tool UbPred (Radivojac et al., 2010), which identified only 

these residues with a high score of confidence as potential targets by ubiquitination; 

consequently, our empiric results validated the algorithm predictions, showing that most of 

the lysine residues in Gal2 are not involved in the ubiquitination process. The mutation or 

removal of lysine residues not involved in ubiquitination often leads to side effects 

associated with loss of functionality and miss localization of the transporters variants 

(Tamayo Rojas et al., 2021b). Nijland et al. 2016, using a similar approach, identified a 

degron region at the N-terminus of the chimeric transporter Hxt36, where lysine residues 

12, 25, and 56 were recognized as a target of ubiquitination. Other authors mentioned the 

presence of a degron at the N-terminus in the hexose transporter Hxt7 and the amino acid 

permease Gap1 (Soetens et al., 2001; Krampe & Boles, 2002); however, the degron signal 

in permeases is not exclusively located at the N-terminus; as an example, the degradation 

of the cellobiose transporter CDT-2 from the filamentous fungus Neurospora crassa relies 

on the C-terminal lysine residues, this C-terminal region is also recognized in S. cerevisiae 

as a degron signal when CDT-2 is expressed in this host (Sen et al., 2016). 

It is known that upstream phosphorylation signals may trigger ubiquitination at target 

proteins (Marchal et al., 1998; Kelm et al., 2004; Nikko et al., 2008; Lundh et al., 2009) 

(see chapter 2.6); For this reason, we hypothesized that mutations of the amino acids 

involved in phosphorylation in Gal2 could disrupt its catabolite inactivation. Using a similar 

screening approach to assess the stabilization of Gal2, as mentioned in chapter 4.1, it 

could be shown that serine residues 32, 35, 39, 48, 53, and 55 are likely involved in the 

internalization of Gal2, since a Gal2 construct, where all these serine residues were 

mutated to alanine residues and tagged with GFP (Gal26SA_GFP), showed practically 

complete localization at the plasma membrane in cells growing in galactose or glucose as 

a sole carbon source (Figure 10C and 10D) (Tamayo Rojas et al., 2021b). These results 

correlate with high-throughput proteomic studies which revealed that these serine residues 

in Gal2 are targets for phosphorylation (Holt et al., 2009).  

4.2 Identification of serine residues involved in 

phosphorylation signal for Gal2 degradation 
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Figure 10. Subcellular localization of Gal2 with mutated serine residues 32, 35, 39, 48, 53, 
and 55. Representative micrographs of CEN.PK2-1C cells expressing GFP-tagged Gal2 wild-type 
(A, B) and Gal26SA (C and D) from centromeric plasmids. The cells were grown in SC media with 
2% galactose, left (A and C), or 2% glucose, right (B and D). The scale bar represents 4µM. The 
figure was taken and modified from Tamayo Rojas et al., 2021b. 

The open question for future studies will be to identify the kinase(s) responsible for the 

phosphorylation of the serine residues at the N-terminus of Gal2. The 

plasma-membrane-localized casein kinases 1 are encoded in S. cerevisiae by the genes 

YCK1 and its paralog YCK2. Yck1/Yck2 kinases are activated by the plasma membrane 

glucose sensors Snf3 and Rgt2 as part of the glucose induction pathway (see chapter 

2.5.1); these kinases are also involved in the phosphorylation of some Rsp5 adaptors (see 

chapter 2.6). Studies suggest that Yck1/Yck2 are responsible for the direct 

phosphorylation of the maltose permease Mal61 in response to glucose, acting as a 

primary signal for ubiquitination of the permease and its further degradation (Gadura et al., 

2006). Similar results were found for the receptor for alpha-factor pheromone Ste2 (Hicke 

et al., 1998) and Ste3 (Panek et al., 1997) and the uracil permease Fur4 (Marchal et al., 

1998). 

Casein kinases 1 target proteins with an N-terminus rich in negatively charged residues, 

like aspartic acid or glutamic acid, as well as other phosphorylated residues, where one of 



 
  General discussion 

31 
 

 

these residues is commonly located between 1 to 5 amino acids upstream (direction of 

N-terminus) of the phosphoacceptor (Kennelly & Krebs, 1991), criteria that are fulfilled by 

serine residues 32, 48 and 53 in Gal2; furthermore, phosphorylation of these residues will 

increase the number of negatively charged amino acids which will likely cause the 

subsequent phosphorylation of serine residues 35, 39 and 55 in the permease.    

The knockout of Rsp5 adaptors had been reported to impair ubiquitination of hexose 

transporters (Nikko & Pelham, 2009; O’Donnell et al., 2015; Sen et al., 2016; Hovsepian 

et al., 2017). Our findings revealed that Rsp5 adaptors Bul1 and Rod1 are presumably 

involved in the ubiquitination of Gal2, as their individual deletion led to a stabilization of 

Gal2 at the plasma membrane in cells growing in glucose as a sole carbon source; 

however, the stabilization was not as strong as the variant Gal23KR or Gal26SA, for this 

reason, we presumed that multiple Rsp5 adaptors may be involved in the internalization 

of Gal2 (Tamayo Rojas et al., 2021b).  

Identifying all Rsp5 adaptors involved in the degradation of Gal2 was not in the scope of 

this study. Future research studies could assess the stability of Gal2 in several strains 

where multiple Rsp5 adaptors are deleted for the complete identification of adaptors that 

recognize Gal2 as a substrate for ubiquitination (Sen et al., 2016). Considering that Rsp5 

adaptors are regulated at transcriptional and posttranscriptional levels, depending on the 

type of carbon source and its availability (see chapters 2.6.2 and 2.6.3), a broad set of 

Rsp5 adaptors should be able to recognize the N-terminus degron in Gal2, not only in 

different concentrations of glucose also in the absence of it or even in the presence of 

galactose, assuming Gal2 experiences a basal level of constitutive degradation regardless 

of the carbon source (Tamayo Rojas et al., 2021b). 

The constructs Gal23KR and Gal26SA showed comparably higher stability at the plasma 

membrane and affinity for glucose, which was also similar to the wild type (Km 2.46, 2.70, 

and 3.19 mM, respectively); however, the uptake rate of the construct Gal26SA was 

significantly higher than Gal23KR and this last one higher than the wild type (Vmax 0.8330, 

0.6698, and 0.3832 nmol min-1 mgCDW
-1, respectively); indicating these N-terminal 

modifications render in an increase in the uptake rate, probably due to the increasing 

4.3 ARTs Rod1 and Bul1 involvement in Gal2 internalization 

4.4 Increase the stability of Gal2 by direct disruption of 

ubiquitination sites or phosphorylation sites, perspectives 
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number of transporters at the plasma membrane, while keeping the same affinity for the 

substrate (Tamayo Rojas et al., 2021b).  

Also, the growth conferred by the expression of Gal26SA in the hxt0 strain EBY.VW4000 

(Wieczorke et al., 1999) was superior in comparison with the expression of Gal23KR, which 

in turn was superior to the wild type, when the cells were growing in SC medium with 2% 

(w/v) glucose (Tamayo Rojas et al., 2021b).  

The differences between the stable versions and the wild type seem to be clear and 

substantiated based on the fluorescent micrographs results (Figure 9, and Figure 10); 

however, the differences between the stable versions Gal23KR and Gal26SA were 

unexpected. Our hypothesis regarding the differences between these two stable versions 

is based on the assumption that phosphorylation preludes ubiquitination; therefore, the 

arrestin-Rsp5 complex could still bind Gal23KR since all phosphorylation sites are present 

in this construct, partially impairing the transport rate of the permease, in which the 

arrestin-Rsp5 complex could act as a non-competitive inhibitor, a type of inhibition involved 

in the decreasing of Vmax values. 

Another hypothesis about the differences between Gal26SA and Gal23KR may be related to 

the subtle amino acid composition differences of the N-terminus between both constructs. 

A few amino acid changes at the cytosolic N-terminal domain in almost identical hexose 

transporters may cause long-range effects that create differences in transport 

activity/specificity between permeases (Jordan et al., 2016). For example, the active site 

of Hxt13 and Hxt17 or Hxt15 and Hxt16 are identical; both pairs share more than 97% 

sequence identity, whereas Hxt13 and Hxt17 differ only by 15 amino acids at the 

N-terminal tail, and Hxt15 and Hxt16 differ by only two amino acids at domain mentioned 

above. Studies suggest that these differences in the cytosolic modules result in different 

kinetic properties of each transporter, which are related to transporter dynamics rather 

than substrate binding (Jordan et al., 2016). 

Prospective studies could also evaluate potential adverse side effects in the cells caused 

by the overexpression of Gal2 stable variants, considering that the general overexpression 

of membrane transporters decreases the overall fitness of the hosts due to membrane 

piercing or interferences with other plasma membrane proteins, among other causes 

(Tomala & Korona, 2013); therefore, excessive accumulation of stable Gal2 variants under 

high expression conditions, should be examined in different strains and expressions levels. 

In addition, the inability of the cell to degrade stable variants of Gal2 in the plasma 

membrane may cause competition for membrane space between Gal2 stable versions and 
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other vital membrane proteins, considering there is a limited membrane space (Casey & 

Follows, 2020). Also, the cell will not be able to remove damaged Gal2 stable variants from 

the plasma membrane regarding membrane proteins can be damaged, e.g., by oxidation 

(Hajieva et al., 2015). 

As mentioned in chapter 2.8, impairments in the uptake of xylose or arabinose by steric 

inhibition of glucose result in a decreased uptake of these pentoses in glucose mixed sugar 

fermentations. In this study, by using error-prone PCR (epPCR) and a screening system 

based on a recombinant strain (AFY10), lacking all hexose transporters and glucose 

kinases and genetically engineered to use pentose as a carbon source when the pathways 

are provided (Farwick et al., 2014), we were able to find two mutations in Gal2 

(N376Y/M435I) which together incorporate two properties highly desirable for fermentation 

of lignocellulosic hydrolysates, first the ability to transport pentoses in the presence of 

glucose and second an improved capacity for xylose and arabinose transport (Tamayo 

Rojas et al., 2021a). In addition, insertion of serine mutations at the residues 32, 35, 39, 

48, 53, and 55 yielded a transporter (Gal26SA_N376Y_M435I) with the abovementioned features 

plus the increase in stability at the plasma membrane (see chapter 4.2), being one of the 

most advanced pentose transporters. The overexpression of this transporter in a 

recombinant industrial diploid strain, capable of consuming xylose, reduced the overall 

fermentation time of the total xylose consumption by approximately 20h, corresponding to 

40% of the total fermentation course of a glucose/xylose mixture fermentation (Tamayo 

Rojas et al., 2021a); however, the strain was only able to consume glucose and xylose 

sequentially, proving that the xylose permeability is not the only determinant of 

co-consumption of both sugars (Tamayo Rojas et al., 2021a). This probably relies on 

metabolic constraints as well as glucose repression mechanisms (Papapetridis et al., 

2018); despite the fact that, some studies support the hypothesis of the direct involvement 

of pentose permeability in co-consumption of xylose/glucose mixture fermentations 

(Nijland et al., 2014; Reznicek et al., 2015; Shin et al., 2015). 

Economically feasible production of biofuels and other bulk chemicals from lignocellulosic 

hydrolysates requires an efficient co-fermentation of pentose and hexose sugars to 

increase the volumetric productivity of industrial processes. Recent strain engineering 

4.5 Identification of glucose-insensitive Gal2 variants 

4.5.1 Relationship between the co-consumption of glucose/xylose and an 

improved pentose permeability  
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strategies for enabling pentose utilization by S. cerevisiae commonly yield strains that 

ferment pentoses only after glucose is exhausted, causing a costly increase in the 

fermentation time. The reason for sequential utilization of glucose and pentose, as 

previously mentioned in chapter 4.5, can be related to metabolic constraints as well as 

glucose repression mechanisms (Papapetridis et al., 2018). However, many authors 

attributed the lack of co-fermentation based on uptake impairment of pentoses into the 

cells. 

Reznicek et al. (2015), achieved co-consumption rates of glucose and xylose using a Gal2 

variant with reduced affinity for glucose and increased affinity for xylose 

(Gal2L301R_K310R_N314D_M435T); however, the results were obtained from fermentations using 

a recombinant laboratory strain, able to use xylose, where all the main permeases were 

deleted (HXT1-7 and GAL2, strain DS68625) (Nijland et al., 2014). Glucose/xylose 

mixtures fermentations with a strain lacking the main hexose transporters could influence 

the results since, in this strain, glucose is poorly uptaken by the remaining endogenous 

transporters (Hxt8-11 and Hxt13-17) (Reifenberger et al., 1995; Diderich et al., 1999), and 

the transient overexpression of a low glucose affinity transporter variant in the study, 

probably does not greatly contribute to glucose permeability, resulting in an overall slow 

glucose influx into the cell, which could cause the co-consumption titers of xylose and 

glucose. Similar co-consumption results, using the same setup mentioned above, were 

found for the overexpression of a low glucose affinity Hxt11 variant (Hxt11N366T) (Shin et 

al., 2015), a stable chimeric transporter between the N-terminus of Hxt11 and Hxt2 with a 

reduced glucose affinity (Hxt11/2N361F) (Shin et al., 2017) and a Hxt3/Hxt6 chimera with an 

asparagine mutation at position 376 (HXT36N367A), which dramatically reduces the affinity 

for glucose (Nijland et al., 2014). It is tempting to speculate that the overexpression of the 

resistant to ubiquitination-mediated degradation, glucose-insensitive, and high xylose 

capacity transporter Gal26SA_N376Y_M435I (Tamayo Rojas et al., 2021a) in the DS68625 strain 

could end in co-consumption rates of xylose and glucose. For this reason, more studies 

on different background strains are necessary to validate the hypothesis of the direct 

involvement of pentose permeability in the co-consumption of xylose and glucose in 

cofermentations.  

Papapetridis et al. (2018), engineered a xylose-fermenting S. cerevisiae strain, where the 

genes PGI1 and RPE1 were deleted, to force the strain to co-consume xylose and glucose 

since the deletion of PGI1 blocked glucose-6-phosphate to proceeding into glycolysis and 

RPE1 deletion prevents the entry of ribulose-5-phosphate into the non-oxidative pentose 

phosphate pathway (noxPPP); therefore, the only way to utilize glucose as carbon and 
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energy source in this strain was by concomitant conversion of xylose into 

xylulose-5-phosphate, enabled by the heterologous expression of xylose isomerase (XylA) 

and the overexpression of the native xylulose kinase Xks1 (see Figure 11). In addition, to 

prevent a potential excessive formation of NADPH, the strain additionally included a 

replacement of the native S. cerevisiae NADP+ dependent Gnd1 and Gnd2 by the NAD+ 

dependent bacterial enzyme GndA to prevents a redox imbalance (Boles et al., 1993; 

Dickinson et al., 1995; Papapetridis et al., 2016), (see Figure 11). This strain, when 

submitted to laboratory evolution in xylose/glucose mixtures, yielded evolved variants 

harboring mutations in the genes that codify: the predominant hexokinase during growth 

on glucose Hxk2, one of three beta-subunits variants of the Snf1 kinase complex Gal83 

and the NEDD4 family E3 ubiquitin ligase Rsp5. Introducing these gene mutations 

(GAL83G673T) or deletions (hxk2Δ, rsp5Δ) into a non-evolved xylose-fermenting, 

S. cerevisiae strain strongly stimulated simultaneous utilization of xylose and glucose.  

Even though in the study previously mentioned, were not found any mutations in the coding 

regions of the hexoses transporters (HXT1–17 and GAL2), the mutations that caused the 

loss of function of Hxk2, an enzyme which plays a vital role in the regulation of multiple 

genes in S. cerevisiae including the hexose transporters Hxt4, Hxt6, Hxt7, and Gal2 

(indirectly via Gal4), (see chapter 2.5.2), may indicate the role of the high-affinity 

transporters expression as an essential element to achieve co-fermentation, since it has 

been shown that the hxk2Δ S. cerevisiae mutants showed increase transcription levels of 

the high-affinity hexose transporters HXT2 and HXT7 (Petit et al., 2000); furthermore, the 

mutation in GAL83 (GAL83G673T) presumably allows the recruitment of Snf1 kinase to the 

nucleus, even in the presence of glucose (Papapetridis et al., 2018), where the complex 

perform the phosphorylation Mig1 and Hxk2 resulting in the nuclear export of these two 

proteins and the consequent disassociation of them with the transcription repressor 

complex with Ssn6 and Tup1 in the promoter regions of the earlier mentioned genes (DeVit 

& Johnston, 1999; Vincent et al., 2001; Fernańdez-García et al., 2012), (see chapter 

2.5.2). In addition, the mutations in RSP5, which probably caused its loss of function 

(Papapetridis et al., 2018), may indicate the involvement of the disruption of hexose 

transporters turnover caused by Rsp5 misfunction (see chapter 2.6) as part of the crucial 

components to achieving the co-consumption of xylose and glucose. However, the authors 

mentioned that the deletion of RSP5 yield in strains with reduced growth rates, which is 

probably due to Rsp5 is involved in the regulation of a multitude of cellular processes, 

including the mentioned role in protein trafficking as well as ribosome stability, regulation 

of the large subunit of RNA polymerase II, regulation of fatty acid synthesis and stress 

response (Wang et al., 1999; Hoppe et al., 2005; Shcherbik & Pestov, 2011). These results 
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support our approach in the present work, which avoided the deletion of RSP5 in favor of 

the deletions of arrestine genes encoding Rsp5 adaptors, or the direct modification of the 

amino acids involved in the transporter turnover as better strategies to disrupt the 

internalization of hexose transporters. 

 

Figure 11. Schematic representation of the central carbon metabolism of S. cerevisiae 
engineered strain forced to co-consume xylose and glucose. pgi12Δ rpe15Δ S. cerevisiae 
strain expressing a heterologous xylose isomerase (XI). The native 6-phosphogluconate 
dehydrogenases (Gnd1 and Gnd2) were replaced by a bacterial NAD+-dependent enzyme (GndA). 
F6P fructose-6-phosphate; G3P glyceraldehyde-3-phosphate; DHAP dihydroxyacetone phosphate; 
6PGL 6-phosphogluconolactone; 6PG 6-phosphogluconate; RU5P ribulose-5-phosphate; XU5P 
xylulose-5-phosphate; R5P ribose-5-phosphate; S7P sedoheptulose-7-phosphate; E4P erythrose-
4-phosphate. The figure was taken from Papapetridis et al. 2018. 

 
Futures studies could evaluate the expression of the resistant to ubiquitination-mediated 

degradation, glucose-insensitive, and high xylose capacity transporter Gal26SA_N376Y_M435I 

(Tamayo Rojas et al., 2021a) in industrial xylose-fermenting strains harboring the deletion 

of HXK2 and introduction of a GAL83G673T allele, with and without the deletion of RSP5, to 

evaluate potential improvement in co-consumption of xylose and glucose while expressing 

the construct mentioned above. 

 

It is known that Gal2 asparagine's 376 substitution by phenylalanine resulted in a 

transporter variant (Gal2N376F) that completely abolished the uptake of glucose, with a 

4.6 Intracellular glucose inhibition in xylose uptake  



 
  General discussion 

37 
 

 

concomitantly increased affinity for xylose, in comparison to the wild type (Farwick et al., 

2014) (see chapter 2.8); moreover in this variant the uptake of xylose is not competitively 

inhibited by glucose during co-fermentation; that is to say, glucose present in the media 

will not use this transporter variant to enter into the cell in contraposition to xylose that will 

preferably enter into the cell via this glucose insensitive transporter (Figure 12B); however, 

if glucose enters into the cell using other hexose transporters available at the plasma 

membrane, it may accumulate inside and cause an intracellular inhibition of xylose 

transport, even in the glucose insensitive transporter variant above mentioned (Figure 

12C), considering that it is not known if the decrease in the glucose affinity of Gal2N376F is 

symmetrical or asymmetrical regarding the glucose flux direction. To answer this question, 

we developed an assay platform that allows for qualitative and quantitative assessment of 

the glucose efflux mediated by facilitative hexose and pentose transporters (Tamayo Rojas 

et al., 2022).  

 

Figure 12: Transport dynamics of glucose and xylose in co-fermentation: (A) Gal2 wild-type 
has a higher affinity for glucose than xylose. Mainly, glucose is transported into the cell. (B) 
Gal2N376F variant has no affinity for glucose. Only xylose is transported into the cell. (C) System in 
which glucose and xylose are uptaken by different permeases, Gal2N376F variant, and any other 
hexose transporter. Glucose is transported into the cell and may internally inhibit the uptake of 
xylose. 

The system uses an EBY.VW4000 (hxt0) derivative strain AFY10, where the genes 

encoding the known enzymes with hexokinase activity, i.e., HXK1, HXK2, GLK1, and the 

putative hexokinase YLR446W, had been deleted (hxk0) (Farwick et al., 2014). When this 

strain is fed with the disaccharide maltose, which is intracellularly hydrolyzed by maltases 

into two glucose moieties, glucose achieves growth-inhibitory levels inside the cells since 

it cannot be further metabolized, presumably due to osmotic mechanisms (Postma et al., 

1990). When a permease mediating glucose efflux is expressed in this system, the 

inhibitory effect is relieved proportionally to the capacity of the introduced transporter 

(Tamayo Rojas et al., 2022). Feeding the system with maltose and xylose accompanied 

with the expression of the Gal2N376F variant and xylose isomerase (XylA from Clostridium 

phytofermentans), we saw that even though glucose probably achieved a high level inside 
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of the cell, it did not inhibit the uptake of xylose (Figure 13B), since we were able to 

measure xylose consumption over the fermentation; that is to say, we proved that 

Gal2N376F, and probably other glucose insensitive variants, exhibit a symmetrically reduced 

affinity for glucose from both side of the plasma membrane in comparison to the wild type 

which is internally and externally inhibited by glucose probably due to its high bidirectional 

affinity for it (Figure 13A) (Tamayo Rojas et al., 2022). Symmetric glucose insensitivity is 

an essential feature in co-fermentations since it ensures the supply of xylose independent 

of glucose's extracellular or intracellular presence. 

 

Figure 13: Design of the glucose efflux test system. The disaccharide maltose (blue) is taken 
up by specialized maltose/proton symporters Malx1 and intracellularly cleaved into two glucose 
molecules (green) by a maltase (Malx2). Glucose metabolism is prevented by deleting the 
hexokinase (hxk0) genes, and glucose is intracellularly accumulated due to the absence of hexose 
transporters (hxt0). Xylose is additionally provided (red). Xylose isomerase (not shown) is expressed 
in the system to allow xylose metabolism throughout the pentose phosphate pathway. (A) 
Expression of Gal2 wild-type relieves glucose growth-inhibitory levels inside the cells but does not 
facilitate xylose uptake into the cell. (B) Gal2N376F variant, even with probably high intracellular 
glucose levels inside the cell caused by maltose hydrolysis, poorly efflux glucose and mainly 
transports xylose into the cell. Opposite arrows indicate opposite gradient forces between glucose 
and xylose. The figure was taken and modified from (Tamayo Rojas et al., 2022). 

As mentioned earlier, the assay development was focused on understanding the dynamics 

of intracellular inhibition caused by glucose efflux on xylose uptake, considering that this 

was the main field of this study; however, the screening system showed applicabilities 

beyond the given topic. This in vivo screening assay certainly will contribute to the 

characterization of endogenous and heterologous transporters in S. cerevisiae. Future 

studies could evaluate the efflux capacity of the human glucose facilitator family GLUTs, 

the equivalent to the Hxt transporters in S. cerevisiae. Functional GLUTs variants, actively 

expressed in yeast, like GLUT1V69M, GLUT2ΔloopS_Q455R, GLUT3S66Y, GLUT5S76I, and 
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GLUT5S72Y have been successfully characterized regarding their uptake kinetics 

(Wieczorke et al., 2003; Tripp et al., 2017; Schmidl et al., 2021a). Further GLUTs 

characterization considering their efflux capacity can be achieved with our in vivo assay, 

in particular for the low glucose affinity GLUT2 (KM=~17 mM) (Uldry et al., 2002), which is 

responsible for the efflux of glucose from the basolateral membrane of the enterocytes to 

the blood vessels in the transepithelial glucose transport in the human intestine (Figure 

14) (Merino et al., 2020). Furthermore, GLUT-interacting ligands, like the general GLUTs 

inhibitors phloretin and quercetin, and other more specific GLUT2 inhibitors  (Schmidl et 

al., 2021b), can be investigated in our platform to asses the effectiveness of the inhibition, 

depending on the glucose flux direction. This could open a new viewpoint for GLUTs drug 

pharmacodynamics. 

 

Figure 14: Glucose transport in enterocytes. Luminal glucose (G) is transported across the 
apical membrane by the sodium-glucose symporters (SGLT1), and sodium is transported out of the 
enterocyte cell through the basolateral membrane by the sodium-potassium ATPase. A portion of 
the intracellular glucose is phosphorylated and accumulates within the cell; the rest of it is passively 
transported out in the basolateral membrane by GLUT2 transporters. During high glucose luminal 
concentrations, part of endosomal GLUT2 transporters are rapidly and transiently translocated to 
the apical membrane to increase glucose uptake. The figure was taken and modified from Merino 
et al. 2020. 
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In this work, the galactose permease Gal2 was successfully stabilized at the plasma 

membrane; however, it was previously described that multiple mono-ubiquitination in 

lysine residues are enough to trigger its internalization; in this study, we locate the position 

of the targeted lysine residues, and additionally, we showed that its internalization also 

relays on serine residues, which may indicate that phosphorylation is an upstream signal 

that preludes ubiquitination (Tamayo Rojas et al., 2021b).  

This study showed that the combination of the mutations N376Y and M435I in Gal2 

together incorporates two properties highly desirable for fermentation of lignocellulosic 

hydrolysates, first the ability to transport pentoses without the competitive inhibition caused 

by glucose and second, an improved capacity for xylose and arabinose transport (Tamayo 

Rojas et al., 2021a).  Altogether, the transporter Gal26SA_N376Y_M435I included 

abovementioned features plus the increase in stability at the plasma membrane. This 

construct, when expressed in a diploid strain capable of consuming xylose, reduced the 

overall fermentation time of the total xylose consumption by approximately 20h, 

corresponding to 40% of the total fermentation course of a glucose/xylose mixture 

fermentation; however, the strain carrying this construct was only able to consume glucose 

and xylose sequentially (Tamayo Rojas et al., 2021a). 

To further investigate the possible unfavorable effect of intracellular glucose competitive 

inhibition, a yeast-based in vivo assay system was further designed to analyze the efflux 

of sugars mediated by glucose transporters. With this assay, it was shown that the xylose 

transporter variant Gal2N376F is insensitive not only to extracellular but also to intracellular 

glucose (Tamayo Rojas et al., 2022). In addition, this assay showed that the main hexose 

permeases exhibited a bidirectional capacity for uptake or efflux of glucose. This assay 

has been proven to be suitable for screening transporters and quantitative analyses of 

their glucose efflux capacities. 

Regarding the uptake of pentoses, in this study was possible to achieve notable 

improvements; nevertheless, even though there is always room for improvements; future 

studies should focus on disentangling metabolic constraints as well as glucose repression 

mechanisms that impede the co-consumption of xylose and glucose, which is the last 

missing remaining feature in S. cerevisiae engineered strains able to consume pentoses 

in glucose mixtures. 

4.7 Conclusions and future perspectives 
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Heutzutage besteht eine große Abhängigkeit von fossilen Brennstoffen wie Erdöl, Kohle 

und Erdgas. Diese spielen sowohl im Energiesektor als auch bei der Synthese von 

Massen- und Feinchemikalien eine entscheidende Rolle. Die Verfügbarkeit fossiler 

Brennstoffe ist jedoch auf einige wenige Vorkommen weltweit beschränkt, sodass eine 

Nutzung durch die Erschöpfung der Vorkommen sowie aus wirtschaftlichen und 

geopolitischen Gründen begrenzt ist. Außerdem trägt die Nutzung fossiler Brennstoffe 

aufgrund der hohen Treibhausgasemissionen, die bei der Verarbeitung oder Verbrennung 

in die Atmosphäre gelangen, zum Klimawandel bei.  

Eine vielversprechende Strategie zur Verringerung der Abhängigkeit von fossilen 

Brennstoffen ist die Verwendung der Hefe Saccharomyces cerevisiae zur 

Biokonvertierung erneuerbarer Non-Food-Rohstoffe oder Abfallströme, wie beispielsweise 

lignozellulosehaltiger Biomasse, in Bioethanol und andere wertvolle Moleküle. 

Lignozellulosehaltige Rohstoffe bestehen aus  Glukose und – je nach Biomasseart in 

unterschiedlichen Anteilen – den Pentosen Xylose und Arabinose. S. cerevisiae ist ein 

effizienter Glukoseverbraucher, kann aber Xylose und Arabinose nicht auf natürliche 

Weise verstoffwechseln. 

Daher wurden umfangreiche Forschungsarbeiten mit Hilfe rekombinanter DNA-Techniken 

durchgeführt, um die biochemischen Stoffwechselwege, die für die Nutzung dieser 

nichtphysiologischen Substrate erforderlich sind, in S. cerevisiae einzubringen und zu 

verbessern. Jeder funktionelle Stoffwechselweg, der D-Xylose und L-Arabinose in 

S. cerevisiae verwerten kann, erfordert jedoch den Transport dieser Zucker durch die 

Zellmembran. Das endogene Zuckertransportsystem von S. cerevisiae kann D-Xylose und 

L-Arabinose nur in begrenztem Umfang aufnehmen; diese Aufnahme ermöglicht nur ein 

basales Wachstum, sofern die enzymatischen Stoffwechselwege zur Verfügung stehen. 

Aus diesem Grund wurde die Aufnahme von D-Xylose und L-Arabinose als limitierender 

Schritt für die effiziente Nutzung dieser nicht-physiologischen Substrate, insbesondere bei 

niedrigen Konzentrationen, erkannt. 

In S. cerevisiae wird die Aufnahme von Zuckern durch die Plasmamembran von der 

Familie  der „Sugar Porter“ (SP) vermittelt, die zur „Major Facilitator Superfamily“ (MFS) 

gehört, der größten und vielfältigsten Superfamilie sekundärer Carrier, die in allen Reichen 

des Lebens zu finden ist. Die SP-Familie besteht aus einer Vielzahl von 

Membrantransportproteinen, die je nach Substrat oder Bandbreite der transportierten 

Substrate in verschiedene phylogenetische Cluster zusammengefasst werden können.  

7 Deutsche Zusammenfassung 



 
Deutsche Zusammenfassung 

102 
 

Hefe-Hexosetransporter haben, wie viele Mitglieder der MFS, 12 mutmaßliche 

Transmembrandomänen (TM), die in zwei Bündeln von 6 TM organisiert sind. Die beiden 

Bündel sind durch eine lange und flexible intrazelluläre Schleife verbunden, die strukturelle 

Elemente enthalten kann. Jedes Bündel von 6 TM besteht aus einem Paar invertierter 3 

TM, was nahelegt, dass drei TM-Wiederholungen eine grundlegende Struktureinheit für 

MFS-Proteine bilden. 

In S. cerevisiae gibt es 17 funktionelle Hexose-Transporter, die von den Genen HXT1 bis 

HXT17 und GAL2 kodiert werden (abgesehen von HXT12, einem Pseudogen). Die große 

Anzahl von Hexose-Transportern in S. cerevisiae ermöglicht die Anpassung an eine 

Umgebung mit schwankenden Zuckerkonzentrationen, wie sie während einer 

Fermentation üblicherweise auftreten. Unter physiologischen Bedingungen scheinen die 

wichtigsten Hexose-Transporter Hxt1 bis Hxt4, Hxt6 und Hxt7 zu sein. Die Expression des 

GAL2-Gens erfolgt nur in Galaktose-limitierten Kulturen. Gal2 ist jedoch einer der am 

besten untersuchten Hexose-Transporter in S. cerevisiae. Obwohl seine Expression in 

Gegenwart von Glukose unterdrückt wird, transportiert er diesen Zucker auch bei 

konstitutiver Expression mit hoher Affinität. Jüngste Versuche Hefestämme für die 

Verwertung pflanzlicher Biomasse zu entwickeln, haben die Fähigkeit von Gal2 

entschlüsselt nicht-physiologische Substrate wie Xylose und Arabinose zu transportieren. 

Die Verbesserung der kinetischen Eigenschaften und der Substratspezifität von Gal2, 

insbesondere für Pentosen, ist zu einem wichtigen Ziel bei der Hefe-Stammentwicklung 

geworden. Das Hauptziel dieser Arbeit bestand darin, die Verwertung von Xylose und 

Arabinose zu verbessern, indem die Zellpermeabilität für diese nicht-physiologischen 

Substrate durch die gentechnische Veränderung der Galaktose-Permease Gal2 erhöht 

wird. 

Wie bereits erwähnt, hängt die Expression des GAL2-Gens von Galaktose ab, die als 

Induktor wirkt. Doch selbst in Gegenwart von Galaktose wirkt Glukose als strenger 

Repressor. Daher wird das GAL2-Gen normalerweise von einem konstitutiven Promotor 

kontrolliert. Die Anwesenheit von Glukose löst allerdings zusätzlich den Abbau von Gal2 

aus. Der Abbau von Gal2 wird durch die kovalente Bindung des kleinen 76-Aminosäure-

Proteins Ubiquitin (Ub) an den Zieltransporter in einem mehrstufigen Prozess, der 

Ubiquitinierung genannt wird, vermittelt. 

Die Ubiquitinierung von Hexose-Permeasen beinhaltet die Aktivierung des Ub-Moleküls 

durch das Ub-aktivierende Enzym E1 unter Verbrauchvon ATP. Anschließend wird das 

aktivierte Ub auf ein spezifisches Ub-konjugierendes Enzym E2 übertragen, das das Ub 

indirekt über ein spezifisches HECT-E3-Enzym (Rsp5) an ein Lysin des Substrats abgibt, 
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und zwar mit Hilfe eines Adaptorproteins, das das Ziel erkennt (Rsp5-Adaptor). 

Ubiquitierte Permeasen werden durch Membraneinstülpung zu frühen Endosomen 

geschickt, wo sie auf ESCRTs (endosomal sorting complex required for transport) treffen. 

Die zielgerichteten Permeasen werden in intralumenale Vesikel (ILV) innerhalb des 

Endosoms sortiert, welches sich nach mehreren Zyklen in einen multivesikulären Körper 

(MVB) verwandelt, der anschließend mit der Vakuole fusioniert, um den Proteininhalt der 

ILVs für den Abbau durch lumenale Hydrolasen freizugeben.  

Gal2 enthält 30 Lysinreste, die das Ubiquitinmolekül aufnehmen können, das auf den 

Gal2-Abbau abzielt. Es ist bekannt, dass eine Mono-Ubiquitinierung durch Rsp5 an 

mehreren Lysinresten notwendig ist, um den Abbau von Gal2 einzuleiten (Horak & Wolf, 

2001). Die Autoren konnten jedoch nicht die spezifischen Lysinreste, die an den 

Ubiquitinierungsprozessen beteiligt sind, identifizieren. In dieser Studie wurden mehrere 

Gal2-Varianten untersucht, bei denen Lysinreste mutiert oder aus der Proteinsequenz 

entfernt wurden, um herauszufinden, welche Lysinreste wahrscheinlich an der 

Ubiquitinierung und dem daraus resultierenden Umsatz des Transporters beteiligt sind. 

Die Ergebnisse des Screenings zeigten, dass die Mutation der N-terminalen Lysinreste 

27, 37 und 44 zu Arginin (Gal23KR) zu einem funktionalen Transporter führte, der, wenn er 

mit GFP (Gal23KR_GFP) fusioniert wurde, eine ausschließliche Lokalisierung an der 

Plasmamembran in Zellen zeigte, die mit Galaktose oder Glukose als einziger 

Kohlenstoffquelle wachsen (Tamayo Rojas et al., 2021b).  

In dieser Studie wurden auch die durch Phosphorylierung verursachten Signale, die die 

Ubiquitinierung und die daraus resultierende Umwandlung des Zielproteins auslösen, 

untersucht. Mit ähnlichen Screening-Ansätzen zur Bewertung der Stabilisierung von Gal2 

durch Modifikationen von Lysinen konnte festgestellt werden, dass die N-terminalen 

Serine 32, 35, 39, 48, 53 und 55 an der Internalisierung von Gal2 beteiligt sind. Dies konnte 

mit einem Gal2-Konstrukt, bei dem alle diese Serine zu Alanin mutiert sind und mit GFP 

markiert waren (Gal26SA_GFP) in Zellen, die mit Galaktose oder Glukose als einziger 

Kohlenstoffquelle wachsen, gezeigt werden. Hierbei wurde eine praktisch vollständige 

Lokalisierung an der Plasmamembran beobachtet (Tamayo Rojas et al. , 2021b). Das Ziel 

zukünftiger Studien besteht jedoch darin, die Kinase(n) zu identifizieren, die für die 

Phosphorylierung der Serinreste am N-Terminus von Gal2 verantwortlich sind. 

Die Konstrukte Gal23KR und Gal26SA zeigten eine vergleichbare Stabilität an der 

Plasmamembran. Die Aufnahmerate des Konstrukts Gal26SA war jedoch höher als die von 

Gal23KR (Vmax 0,8330 bzw. 0,6698 nmol min-1 mgCDW
-1). Außerdem war das Wachstum, das 

durch die Expression von Gal26SA in dem Hexose-Transporter-freien (hxt0) 
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Saccharomyces cerevisiae-Stamm EBY.VW4000 (Wieczorke et al., 1999) erzielt wurde, 

besser als die Expression von Gal23KR in demselben Stamm, wenn die Zellen in SC-

Medium mit 2 % (w/v) Glucose wuchsen (Tamayo Rojas et al., 2021b).  

Unsere Hypothese zu diesen Unterschieden zwischen Gal23KR und Gal26SA basiert auf der 

Annahme, dass die Phosphorylierung der Ubiquitinierung vorausgeht; daher könnte der 

arrestin-Rsp5-Komplex Gal23KR immer noch binden, da alle Phosphorylierungsstellen in 

diesem Konstrukt vorhanden sind. Die Bindung des arrestin-Rsp5-Komplexes an die 

Permease könnte die Transportrate von Gal23KR teilweise beeinträchtigen, wobei der 

arrestin-Rsp5-Komplex als nicht-kompetitiver Inhibitor wirken könnte, eine Art der 

Inhibition, die zur Verringerung der Vmax-Werte führt. 

Ein weiteres Ziel dieser Arbeit war es, Rsp5-Adaptoren zu identifizieren, die an der 

Erkennung der Gal2-Permease beteiligt sind. Unsere Ergebnisse zeigten, dass die Rsp5-

Adaptoren Bul1 und Rod1 vermutlich an der Ubiquitinierung von Gal2 beteiligt sind, da 

ihre individuelle Deletion zu einer Stabilisierung von Gal2 an der Plasmamembran in 

Zellen, die mit Glukose als einziger Kohlenstoffquelle wuchsen, führte. Die Stabilisierung 

war jedoch weniger stark als bei den Varianten Gal23KR oder Gal26SA. Aus diesem Grund 

wurde vermutet, dass mehrere Rsp5-Adaptoren an der Internalisierung von Gal2 beteiligt 

sein könnten (Tamayo Rojas et al., 2021b).  

Die Beeinträchtigung der Aufnahme von Xylose oder Arabinose durch sterische Hemmung 

von Glukose führt zu einer verringerten Aufnahme dieser Pentosen in Co-Fermentationen 

dieser Zucker. In dieser Studie wurde eine fehleranfällige PCR-Technik in Verbindung mit 

einem Screening-Stamm von S. cerevisiae verwendet, dem alle Hexose-Transporter (hxt0) 

sowie alle Glukose-Hexokinasen (hxk0) fehlen und der über einen Xylose-

Verwertungsweg verfügt (Farwick et al., 2014). Wir konnten zwei Mutationen in Gal2 

(N376Y/M435I) finden, die zusammen zwei wünschenswerte Eigenschaften für die 

Fermentation von Lignozellulosehydrolysaten beinhalten: die Fähigkeit, Pentosen ohne 

die sterische Hemmung von Glukose zu transportieren, und eine verbesserte Kapazität für 

den Transport von Xylose und Arabinose (Tamayo Rojas et al., 2021a). Durch das 

Einfügen von Serin-zu-Alanin-Mutationen an den Resten 32, 35, 39, 48, 53 und 55 wurde 

ein Transporter (Gal26SA_N376Y_M435I) mit den oben genannten Eigenschaften und einer 

erhöhten Stabilität an der Plasmamembran entwickelt, der zu den fortschrittlichsten 

Pentose-Transportern gehört. Die Überexpression dieses Transporters in einem 

rekombinanten diploiden Industriestamm, der in der Lage ist, Xylose zu verstoffwechseln, 

verringerte die Fermentationszeit des gesamten Xyloseverbrauchs um etwa 20 Stunden, 

was 40 % des gesamten Fermentationsverlaufs einer Glukose/Xylose-Misch-
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Fermentation entspricht. Der Stamm war jedoch nur in der Lage, Glukose und Xylose 

nacheinander zu verbrauchen, was beweist, dass die Xyloseaufnahme nicht  der einzige 

Faktor für die gleichzeitige Verstoffwechslung beider Zucker ist (Tamayo Rojas et al., 

2021a). 

Die Substitution von Gal2-Asparagin 376 durch Tyrosin (Gal2N376Y) oder Phenylalanin 

(Gal2N376F) führte zu einer Transportervariante, die die Aufnahme von Glukose im 

Vergleich zum Wildtyp vollständig aufhob (Farwick et al., 2014). Daher wird bei diesen 

beiden Varianten die Aufnahme von Xylose während der Co-Fermentation nicht kompetitiv 

durch Glukose gehemmt. Es ist jedoch unbekannt ob diese Gal2-Varianten immer noch 

durch intrazelluläre Glukose gehemmt werden und ob die Abnahme der Glukoseaffinität 

symmetrisch oder asymmetrisch in Bezug auf die Richtung des Glukoseflusses ist. Zur 

Beantwortung dieser Frage wurde eine Assay-Plattform entwickelt, die eine qualitative und 

quantitative Bewertung des durch Hexose- und Pentose-Transpoter vermittelten Glukose-

Effluxes ermöglicht. Für den Assay wird der bereits erwähnte Stamm AFY10 verwendet. 

Wenn dieser Stamm mit dem Disaccharid Maltose, das intern durch Maltasen in zwei 

Glukoseteile hydrolysiert wird, gefüttert wird, erreicht die Glukose wachstumshemmende 

Werte innerhalb der Zellen, da sie nicht weiter verstoffwechselt werden kann. Wenn in 

diesem System eine Permease exprimiert wird, die den Glukose-Efflux vermittelt, wird die 

hemmende Wirkung proportional zur Kapazität des eingeführten Transporters gemindert 

(Tamayo Rojas et al., 2022). Durch Fütterung des Systems mit Maltose und Xylose bei 

gleichzeitiger Expression der Gal2N376F-Variante und Xylose-Isomerase (XylA von 

Clostridium phytofermentans) konnte gezeigt werden, dass intrazelluläre Glukose die 

Aufnahme von Xylose nicht hemmt. Damit konnte nachgewiesen werden, dass diese 

Gal2-Variante eine Unempfindlichkeit  gegenüber Glukose von beiden Seiten der 

Plasmamembran aufweist. Dies steht im Gegensetz zum Wildtyp, der intern und extern 

durch Glukose gehemmt wird (Tamayo Rojas et al., 2022). 

Obwohl der in-vivo-Screening-Assay mit dem Ziel entwickelt wurde, die Dynamik der 

intrazellulären Hemmung, die der Glukose-Efflux auf die Xylose-Aufnahme hat, zu 

verstehen, zeigte das Screening-System Anwendbarkeit über das vorgegebene Thema 

hinaus. Dieses in-vivo-Screening, mit dem die Glukose-Efflux-Kapazität gemessen 

werden kann, wird zur Charakterisierung endogener und heterologer Transporter in 

S. cerevisiae beitragen.  
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