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Identification of Important Amino Acids in Gal2p for Improving the L-arabinose Transport and Metabolism in Saccharomyces cerevisiae
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Efficient and cost-effective bioethanol production from lignocellulosic materials requires co-fermentation of the main hydrolyzed sugars, including glucose, xylose, and L-arabinose. Saccharomyces cerevisiae is a glucose-fermenting yeast that is traditionally used for ethanol production. Fermentation of L-arabinose is also possible after metabolic engineering. Transport into the cell is the first and rate-limiting step for L-arabinose metabolism. The galactose permease, Gal2p, is a non-specific, endogenous monosaccharide transporter that has been shown to transport L-arabinose. However, Gal2p-mediated transport of L-arabinose occurs at a low efficiency. In this study, homologous modeling and L-arabinose docking were used to predict amino acids in Gal2p that are crucial for L-arabinose transport. Nine amino acid residues in Gal2p were identified and were the focus for site-directed mutagenesis. In the Gal2p transport-deficient chassis cells, the capacity for L-arabinose transport of the different Gal2p mutants was compared by testing growth rates using L-arabinose as the sole carbon source. Almost all the tested mutations affected L-arabinose transport capacity. Among them, F85 is a unique site. The F85S, F85G, F85C, and F85T point mutations significantly increased L-arabinose transport activities, while, the F85E and F85R mutations decreased L-arabinose transport activities compared to the Gal2p-expressing wild-type strain. These results verified F85 as a key residue in L-arabinose transport. The F85S mutation, having the most significant effect, elevated the exponential growth rate by 40%. The F85S mutation also improved xylose transport efficiency and weakened the glucose transport preference. Overall, enhancing the L-arabinose transport capacity further improved the L-arabinose metabolism of engineered S. cerevisiae.
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INTRODUCTION

Fuel ethanol is an important renewable energy source, and there is a growing demand for the production of this fuel (Farrell et al., 2006; Mabee, 2007). Future large-scale production of fuel ethanol will need lignocellulosic materials, which are renewable and abundant, to replace sugar and grain (Hahn-Hägerdal et al., 2006). Efficient and cost-effective lignocellulosic ethanol production requires co-fermentation of all the main hydrolyzed sugars from lignocellulose, including glucose, xylose, and L-arabinose (Wisselink et al., 2007; Seiboth and Metz, 2011; Wang et al., 2017).

Saccharomyces cerevisiae is a traditional ethanol production strain that ferments glucose and could also ferment xylose and L-arabinose by introducing the initial metabolic pathways (Kuyper et al., 2004; Hahn-Hägerdal et al., 2007; Wisselink et al., 2009; Peng et al., 2012; Kim et al., 2013; Wang et al., 2013). However, the consumption of L-arabinose by S. cerevisiae is inefficient and inhibited by glucose. Transport into the cell is the first step and one of the rate-limiting steps for L-arabinose utilization, and the transport efficiency needs to be increased (Subtil and Boles, 2012; Shin et al., 2015).

In S. cerevisiae, native Gal2p and some heterologous L-arabinose transporters were studied to improve the limiting step of transport. Gal2p (Km 57 mM and Vmax 2.2 nmol/min/mg dry mass) was verified as the main L-arabinose transporter; Hxt9p and Hxt10p also exhibited limited L-arabinose transport capacity in some strains (Subtil and Boles, 2011). Some heterologous L-arabinose transporters were also functionally studied in S. cerevisiae, such as LAT1p and LAT2p from Ambrosiozyma monospora, AraTp (Km 3.8 mM and Vmax 0.4 nmol/min/mg dry mass) from Scheffersomyces stipitis, Stp2p (Km 4.5 mM and Vmax 0.6 nmol/min/mg dry mass) from Arabidopsis thaliana, KmAXT1p (Km 263 mM and Vmax 57 nmol/min/mg dry mass) from Kluyveromyces marxianus, PgAXT1p (Km 0.13 mM and Vmax 18 nmol/min/mg dry mass) from Pichia guilliermondii, Mgt05860p, Mgt05293p, and Mgt04891p from Meyerozyma guilliermondii, LAT-1 (Km 58.1 mM and Vmax 116.7 mmol/h/g dry mass) from Neurospora crassa, Tct1p from Trichosporon cutaneum, Stp1p from Trichoderma reesei, and MtLAT-1 (Km 29.4 mM and Vmax 10.3 mmol/h/g dry mass) from Myceliophthora thermophila (Subtil and Boles, 2011; Verho et al., 2011; Knoshaug et al., 2015; Li et al., 2015; Wang et al., 2015). Although each transporter could transport L-arabinose, transport was inefficient and lower than Gal2p-facilitated transport. Progress has been made in understanding the molecular mechanism of xylose transport (Farwick et al., 2014; Young et al., 2014; Wang et al., 2015); however, the mechanisms involved in L-arabinose transport are largely uncharacterized. As such, future studies are necessary to better understand the complexity and diversity of L-arabinose transporters.

In the present study, we selected the efficient and native L-arabinose transporter, Gal2p, to study the crucial amino acid residues for L-arabinose transport. An L-arabinose transport-deficient chassis was first obtained. The crucial amino acid residues for L-arabinose transport in Gal2p were predicted by XylEp 3D-structure homologous modeling and L-arabinose docking, and then mutated by site-directed mutagenesis. Select mutations in a key residue were determined to be important for L-arabinose transport and were also further evaluated for their impact on glucose and xylose transport.

MATERIALS AND METHODS

Plasmid and Strain Construction

The original Gal2 fragments were cloned from the genomic DNA of the CEN.PK102-3A yeast strain (Entian and Kötter, 1998) and then inserted into EcoR I and Nco I sites of the pYX242-TEF1araA plasmid (Wang et al., 2013), resulting in the pYX242-TEF1araA-Gal2 plasmid (the physical map was listed in the Supplementary Figure S1). The site-directed mutations of Gal2 were constructed by a fusion PCR strategy based on the overlap extension PCR (Urban et al., 1997) and then inserted into pYX242-TEF1araA using Gibson assembly (Gibson, 2011). The promoter of Gal2p and its mutants was the original promoter TPI of plasmid pYX242, and the terminator of them was PGK1. Escherichia coli DH5α was used for plasmid amplification.

The episomal plasmid pYX2422-TEF1araA in a formerly obtained L-arabinose utilizing strain BSW3AP (Wang et al., 2013) was removed to obtain strain BSW4AP (Wang et al., 2017). The Gal2 gene of BSW4AP was then knocked out by transforming the fusion fragments containing two homologous arms of Gal2 and a loxp-KanMX4-loxp segment cloned from pUG6 (Güldener et al., 1996) to obtain the chassis BSW5AP. Plasmids pYX2422-TEF1araA, pYX242-TEF1araA-Gal2, and pYX242-TEF1araA-Gal2m were transformed into BSW5AP or BSW4EYX (Wang et al., 2015) to test recombinant yeast strains for L-arabinose or xylose and glucose transport. The plasmid YIp5-ara (Wang et al., 2013) was further transformed to BSW4EYX to evaluate the co-utilization and co-fermentation of glucose, xylose, and L-arabinose of Gal2p mutation. Yeast transformations were conducted using the conventional lithium acetate method (Gietz et al., 1995).

Saccharomyces cerevisiae strains and plasmids used in this study are listed in Table 1. The primers used in this study are summarized in Table 2.

TABLE 1. Plasmids and S. cerevisiae strains.
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TABLE 2. The DNA oligos used in this work.
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Media and Batch Cultivation

The yeast synthetic complete (SC) medium used in this study contains 1.7 g L-1 yeast nitrogen base (YNB, Sangon, China) and 5 g L-1 ammonium sulfate (Sangon, China). To cultivate the yeast and maintain the required plasmids, the medium was supplemented with the appropriate carbon source and complete supplement mixture (i.e., 0.77 g L-1 CSM-URA, 0.69 g L-1 CSM-LEU, or 0.67 g L-1 CSM-LEU-URA) (MP Biomedicals, Solon, OH, United States). For strains containing the KanMX4 marker, the medium was supplied with 200 μg mL-1 G418 sulfate (Promega, Madison, WI, United States). Plasmids were amplified in E. coli strain DH5α (TransGenBiotech, China), which was grown on Luria-Bertani (LB) medium with 200 μg mL-1 ampicillin.

To cultivate BSW3AP-based strains, single colonies were preincubated in SC medium containing 20 g L-1 glucose for 24 h, and then shifted into medium containing 5 g L-1 glucose and 15 g L-1 L-arabinose for 48 h. After that, the cells were collected and used for batch cultivation in the respective SC medium containing 20 g L-1 L-arabinose at an initial OD600 of 1. To cultivate BSW4EYX-based strains, single colonies were pre-incubated in SC medium containing 20 g L-1 maltose for 24 h, and then the cells were collected and used for batch cultivation in the respective SC medium containing 20 g L-1 glucose, 20 g L-1 xylose, or 20 g L-1 L-arabinose at an initial OD600 of 1 or 5. All the yeast strains were batch cultivated in 40 mL cultures in 150 mL aerobic triangular flasks or air-limited flasks at 30°C, 200 r min-1. All E. coli strains were cultured at 37°C, 200 r min-1.

Homologous Modeling of Gal2p for L-arabinose Binding Suggests Crucial Amino Acid Residues

The putative homology model of the transporter Gal2p was generated using Discovery Studio software (DS, Accelrys, San Diego, CA, United States). The E. coli homolog of the glucose transporters GLUT1-4 (PDB code 4GBY, 4GBZ, and 4GC0) (Sun et al., 2012) served as template to construct the homology model using the MODELER auto module. The CHARMm-based molecular mechanics was used to refine the loop regions of the protein structure. PROCHECK (Laskowski et al., 1993) was used to validate the refined models. The locations of L-arabinose were determined by core-constrained protein docking and a modified CHARMm-based CDOCKER method. The best position of L-arabinose was chosen by comparing the CDOCKER energy among the determined 10 positions. The critical amino acid residues at the L-arabinose binding position were analyzed using VMD software (Humphrey et al., 1996).

Site-Directed Mutagenesis of Gal2 and Large-Scale Screening

To investigate the function of amino acid residues of Gal2p for L-arabinose, xylose, or glucose transport, we utilized site-directed random mutagenesis. The variety of the residues were introduced by the design of primers, with the coded three bases replaced by NNN (Farwick et al., 2014).

The plasmids containing different mutants of Gal2 were ligated and directly transformed into BSW5AP; then cells were spread onto solid medium with 20 g L-1 L-arabinose or 20 g L-1 L-arabinose together with 2 g L-1 glucose. The colonies that were distinctly larger or smaller than the BSW5AP-AGal2 strain were selected out. The exponential growth rates of the selected colonies were subsequently determined in the secondary screening procedure on 20 g L-1 L-arabinose. The plasmids in the selected yeasts were then extracted and sequenced to identify specific mutations.

Growth Measurement

The culture optical density (OD600) was measured by a BioPhotometer plus (Eppendorf, Germany) and was used to determine the strain growth. The growth capacities of strains were determined by the exponential growth rates (Young et al., 2014), which were analyzed by the linear regression coefficients of ln OD600 versus growth hours from the growth curves (Wang et al., 2015).

The Analysis of Metabolites

The concentrations of glucose, xylose, xylitol, L-arabinose, arabitol, and ethanol were determined using the supernatant of filtered samples collected from batch cultivation. The high-performance liquid chromatography (HPLC) prominence LC-20A (Shimadzu, Japan), which has a refractive index detector RID-10A (Shimadzu, Japan) and an Aminex HPX-87P ion exchange column (Bio-Rad, United States), was used to determine the concentration of the above chemicals at 80°C with a mobile phase of water at a flow rate of 0.6 mL min-1, as previously reported (Garcia Sanchez et al., 2010; Wang et al., 2013).

RESULTS

The Construction of L-arabinose Transport-Deficient Chassis

To construct L-arabinose transport-deficient chassis and study the L-arabinose transport mechanism, the endogenous and highly efficient L-arabinose transporter Gal2 of BSW4AP was knocked out using the KanMX4 marker to generate the strain BSW5AP. To test the L-arabinose transport capacity of BSW5AP, plasmids pYX2422-TEF1araA and pYX2422-TEF1araA-Gal2 were then transformed to generate the strains BSW5AP-A and BSW5AP-AGal2, respectively. The growth curves of the strains BSW5AP-A, BSW5AP-AGal2, and BSW3AP on L-arabinose were tested, and the exponential growth rates were calculated (Figure 1). It was clear that BSW5AP-A lost the ability to grow on L-arabinose. After overexpressing Gal2 by plasmid in BSW5AP, the BSW5AP-AGal2 strain regained the ability to grow on L-arabinose; however, the exponential growth rate of BSW5AP-AGal2 was lower than BSW3AP, which may have resulted from the different expression strategy. We verified that our strains exhibited Gal2p-dependent L-arabinose transport, and we successfully generated the L-arabinose transport-deficient chassis BSW5AP.
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FIGURE 1. The exponential growth rates of strains BSW3AP, BSW5AP-A, and BSW5AP-AGal2 on 20 g L-1 L-arabinose. The strains were preincubated and then collected for aerobic batch cultivation in 40 mL SC-Leu-Ura medium with 20 g L-1 L-arabinose at 30°C, 200 r min-1. The initial OD600 was 1. The data presented are the averages of three independent tests.



Searching for Functional Amino Acid Residues of Gal2p in L-arabinose Transport by Homologous Modeling

The homologous model of Gal2p for L-arabinose binding was constructed according to the outward-facing and partly occluded conformation of the E. coli xylose permease XylEp (Sun et al., 2012). The homology of Gal2p with XylEp was more than 28.8%, which indicated the feasibility to construct a homologous model. The homologous model of Gal2p was constructed by excluding 63 amino acids from the N-terminus and 39 amino acids from the C-terminus due to the absence of the corresponding sequences in XylEp. A total of 14 amino acid residues within a distance of 5 Å to L-arabinose in the model were predicted (Figures 2A,B and Table 3). The polar or aromatic amino acid residues in different transmembrane sequences (TMSs) of Gal2p were chosen for more in-depth study, including F85, T89, F223, N346, N347, F350, Y351, N376, and Y446.


[image: image]

FIGURE 2. The homologous modeling and crucial amino acid residues identified in Gal2p to be important for L-arabinose binding. The 14 amino acid residues within a distance of 5 Å to L-arabinose in the model (A,B). The position of F85 site with L-arabinose in the model (C,D). The homology model of Gal2p with L-arabinose was generated according to the outward-facing and partly occluded 3D structure of XylEp using the Discovery Studio software. The middle of the Gal2p model placed a colored L-arabinose using the space-filling model. The predicted amino acid residues are also colorfully presented around L-arabinose using the ball-and-stick model.



TABLE 3. The amino acid residues identified by homologous modeling of Gal2p for L-arabinose binding.
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The Demonstration of Crucial Amino Acid Residues for L-arabinose Transport in Gal2p

To investigate the function of the selected amino acid residues of Gal2p in either L-arabinose, xylose, or glucose transport, we used random and site-directed mutagenesis to introduce amino acid substitutions. The exponential growth rates of the expressing BSW5AP strains during aerobic cultivation were used to determine the change in growth capacity (Table 4).

TABLE 4. The effect of the amino acid substitutions in Gal2p on L-arabinose transport.
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A total of 10 substitution mutants were identified at the selected F85 site. When F85 was changed to a charged E or R, Gal2p lost the transport capacity of L-arabinose. However, changes to the polar amino acids S, G, C, T, Y, or N of F85 somehow increased the exponential growth rates. Furthermore, the exponential growth rates of the F85S, F85G, F85C, and F85T mutants on L-arabinose significantly increased by 40, 32, 20, and 16%, respectively, compared with the strain with wild-type Gal2p. As such, F85 was identified as a very important amino acid residue for L-arabinose transport (Figures 2C,D). For site T89, except for the slight increase in exponential growth when changed to an I residue, changes to H, R, and K all resulted in a decrease or loss of growth capacity on L-arabinose. Another important amino acid residue for L-arabinose transport of Gal2p is F223. When F223 was changed to Q, C, L, and S, the exponential growth rates increased, and F223Q significantly improved by 16%. We changed the amino acids N346 and N347 together and found that, even when changed to small side chain amino acids A and G, respectively, the L-arabinose transport capacity of Gal2p was not remarkably reduced. Random mutation of amino acids F350 and Y351 resulted in a loss in the L-arabinose transport capacity of Gal2p. Mutations to the amino acid residue N376 in TMS 8 of Gal2p also presented complex effects on L-arabinose transport. Changing N376 to Y, R, and K, resulted in loss of Gal2p transport capacity. The mutations N376T, N376G, N376C, N376S, N376A, N376F, and N376I decreased the exponential growth rates by 16, 16, 16, 24, 28, 64, and 68%, respectively. Mutating the Y446 residue to A, I, C, or S resulted in a loss of transport capacity. This result indicated that Y446 is very conservative and is necessary for L-arabinose transport in Gal2p.

The Impact of F85 Positive Mutations on L-arabinose Metabolism

The enhanced L-arabinose transport capacity of positive mutations F85S, F85G, F85C, and F85T of Gal2p was further examined by L-arabinose metabolism. The L-arabinose metabolism capacity was evaluated by oxygen-limited batch cultivation. The L-arabinose metabolizing and ethanol producing were deeply concerned. The growth curves and L-arabinose metabolic trend are presented in Figure 3.
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FIGURE 3. The effect of F85 positive mutants of Gal2p on L-arabinose metabolism. Growth curve (A), L-arabinose consumption (B), and ethanol formation (C) by Gal2p (BSW5AP-AGal2, [image: image]), F85C (BSW5AP-AGal2 (F85C), [image: image]), F85T (BSW5AP-AGal2 (F85T), +), F85S (BSW5AP-AGal2 (F85S), [image: image]), and F85G (BSW5AP-AGal2 (F85G), [image: image]). The pre-cultured strains were then cultured in 40 mL SC-LEU-URA medium containing 20 g L-1 L-arabinose at an initial OD600 of 1. The strains were all cultured at 30∘C, 200 r min-1. The data presented are the averages of three independent tests.



The L-arabinose metabolic efficiency positively correlated with the exponential growth rates on L-arabinose (Table 4). F85S and F85G exhibited rapid growth rates on L-arabinose and utilization of L-arabinose. During the 76 h fermentation, the Gal2p-expressing strain utilized 4.5 g L-arabinose and consumed only 22%. The L-arabinose utilization of F85S and F85G increased to 8.3 and 7.3 g, and the consumption amounts were 42 and 37%, respectively. Compared with the wild-type Gal2p-expressing strain, the consumption of L-arabinose by the F85S and F85G mutants increased by 84 and 62%, respectively. Furthermore, the F85S and F85G mutants produced 1.4 and 1.1 g L-1 more ethanol than the wild-type Gal2p-expressing strain.

From the results above, we can predict that the change in F85 to polar amino acids will improve the L-arabinose transport capacity of Gal2p. The F85 site of Gal2p is also very conservative in the L-arabinose transporters expressed in S. cerevisiae and is located in the “G-G/F-XXX-G” motif in the first transmembrane span (Figure 4). The universal meaning of this key site was presented.
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FIGURE 4. Partial protein sequence alignment of L-arabinose transporters in S. cerevisiae, using MUSCLE (3.8) (http://www.ebi.ac.uk/Tools/msa/muscle). Sc, S. cerevisiae; Am, A. monospora; Ss, S. stipitis; At, A. thaliana; Km, K. marxianus; Pg, P. guilliermondii; Mg, M. guilliermondii; Nc, N. crassa; Tc, T. cutaneum; Tr, T. reesei; Mt, M. thermophila. The sequences in the textbox represent the “G-G/F-XXX-G” motif in the first transmembrane span.



The Impact of the Positive L-arabinose Transport Mutants on Glucose and Xylose Transport

Endogenous Gal2p of S. cerevisiae can transport many sugars, including glucose, xylose and L-arabinose (Leandro et al., 2009). To test the glucose and xylose transport capacities of the positive L-arabinose transport mutations, F85S, F85G, F85C, F85T, and F223Q of Gal2p, these mutants were transformed into the BSW4EYX strain, which lost the hexose and pentose transport capacities and contained the XR/XDH pathway of xylose (Wieczorke et al., 1999; Wang et al., 2015). The exponential growth rates of the BSW4EYX expressing strains were also used to determine the change of growth capacity on glucose- (Figure 5A) and xylose-containing medium (Figure 5B). Unlike mutation F223Q, the F85G, F85S, F85T, and F85C mutations all decreased the glucose transport efficiency by 67, 45, 38, and 19%, respectively. This result indicated that the benzene ring of F85 in Gal2p might be important for glucose transport. For xylose transport of Gal2p, the F85C, F85S, and F85T mutations improved the xylose transport efficiency, and the exponential growth rates increased by 29, 23, and 15%, respectively. However, the exponential growth rate of the F85G mutant decreased by 19%, and F223Q did not change the growth efficiency on xylose.
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FIGURE 5. The exponential growth rates of positive L-arabinose transport mutants of Gal2p on glucose (A) and xylose (B). The BSW4EYX strain contains the plasmid pYX242-TEF1araA, which does not express the Gal2p transporter. The other strains are represented by the transporter Gal2p-expressing wild-type strain or its mutants. The BSW4EYX-based strains were preincubated in SC-LEU medium containing 20 g L-1 maltose for 24 h and then collected and used for batch cultivation in 40 mL SC-LEU medium containing 20 g L-1 glucose or 20 g L-1 xylose at 30°C, 200 r min-1 and the initial OD600 was 1. The data presented are the averages of three independent tests.



To further test the effect of the best positive mutation F85S on the co-utilization and co-fermentation of glucose, xylose, and L-arabinose, we then transformed the plasmid YIp5-ara (Table 1) to the BSW4EYX strains expressing F85S or Gal2p. During a 96 h fermentation for the expressing strains, the mutation F85S decreased the glucose utilization efficiency (Figure 6A), obviously increased the xylose consumption amount (Figure 6B) by 1.1 g L-1, and also increased the L-arabinose consumption amount (Figure 6C) by 1 g L-1, compared with the original Gal2p. After about 40 h cultivation, the F85S expressing strain could exhibit more significant co-utilization of xylose and L-arabinose with glucose, and the ethanol production was 10 g L-1 which was consistent with that of Gal2p.
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FIGURE 6. The co-utilization of mutation F85S expressing strain on glucose, xylose, and L-arabinose. Glucose consumption (A), xylose consumption (B), and L-arabinose consumption (C) by Gal2p (BSW4EYX-Gal2-A, [image: image]) and F85S (BSW4EYX-F85S-A, [image: image]). The pre-cultured strains were then cultured in 40 mL SC-LEU-URA medium containing 20 g L-1 glucose, 20 g L-1 xylose, and 20 g L-1 L-arabinose at an initial OD600 of 5. The strains were all cultured at 30°C, 200 r min-1. The data presented are the averages of three independent tests.



DISCUSSION

The utilization of L-arabinose and xylose in lignocellulosic materials is becoming more important for renewable fuel production. The transport efficiency of the two pentoses needs to be increased in the metabolic process of microbial cell factories. Gene knockout and overexpression studies verified the necessary function of Gal2p for L-arabinose transport in S. cerevisiae (Wisselink et al., 2010; Wang et al., 2013); therefore, in this study, Gal2p was selected for the identification of amino acid residues that are crucial for L-arabinose transport.

Our group formerly constructed an efficient L-arabinose transport yeast BSW3AP (Wang et al., 2013). After deleting the native Gal2p in this strain, we successfully obtained an L-arabinose transport-deficient chassis, BSW5AP, which is a suitable host cell for L-arabinose transport study. Gal2p is homologous with the xylose permease XylEp of E. coli, and so, the outward-facing and partly occluded conformation of XylEp (Sun et al., 2012) was used as the homologous model for L-arabinose binding of Gal2p. A total of nine polar or aromatic amino acid residues were chosen to deeply study the L-arabinose and xylose transport capacity and then seven residues (F85, T89, F223, F350, Y351, N376, and Y446) were shown to significantly affect the L-arabinose transport activity of Gal2p. Meanwhile, compared with directed evolution, site-directed mutagenesis was verified in this study to be a simple and effective method to identify the crucial amino acid residues of pentose transporters.

The F85 position in TMS1 of Gal2p (Figures 2C,D) is now verified to have important effect on L-arabinose transport. Changing F85 to polar amino acids S, G, C, T, Y, or N somehow increased the L-arabinose transport activity of Gal2p, otherwise, changing to charged amino acids E or R resulted in a loss of the transport capacity of L-arabinose. This result suggests that the polar chain in this site is useful for L-arabinose binding for processing, but charge forces interferes this process. It is noteworthy that F85S significantly enhanced the exponential growth rates on L-arabinose, and the L-arabinose consumption amounts could be improved by 84%. This mutation also increased the exponential growth rates on xylose by 23%, and consequently decreased the glucose transport preference. The corresponding site of F85 in HXT7p is F79, and the mutant HXT7 (F79S) was previously reported to improve the xylose uptake rate (Reider Apel et al., 2016). Furthermore, F85G not only increased the L-arabinose transport activity, it also decreased preferences for both glucose and xylose transport. This result suggests that the F85G mutant is specific for L-arabinose transport. The F85 site is also present in the conserved motif “GG/FXXXG” in TMS1, which was previously reported to affect the capacity for xylose and glucose transmembrane transport (Young et al., 2014; Knoshaug et al., 2015). This result suggests the conserved role of this site in sugar transport (Figure 4).

F223 is another important amino acid residue for L-arabinose transport of Gal2p. When F223 was changed to Q, C, L, and S, the exponential growth rates of the mutants increased, and F223Q significantly improved the exponential growth rate by 16%. Although the F223Q mutation increased the L-arabinose transport capacity, the mutation did not affect xylose or glucose transport. The mutations at residues T89 and N376 significantly decreased the growth of these mutants on L-arabinose, suggesting that these residues are also important for L-arabinose transport. In addition, N376 was formerly shown to affect the xylose transport affinity and preference of Gal2p (Farwick et al., 2014). Random mutation of the F350 and Y351 residues in Gal2p, which are conserved in the motif “YFFYY” and correspond to F334 and F335 in Mgt05196p (Wang et al., 2015), resulted in loss of L-arabinose transport capacity. The phenyl structure of the sites F350 and Y351 might play an important role for L-arabinose exclusion in transport process of Gal2p. Y446 is also highly conserved and necessary for L-arabinose transport of Gal2p, as changes to A, I, C, or S, all resulted in loss of L-arabinose transport capacity. Y446 was also previously reported to be essential for galactose recognition by Gal2p (Kasahara and Kasahara, 2000).

The best mutation F85S of Gal2p was tested to improve the co-utilization of glucose, xylose, and L-arabinose, although the co-fermentation efficiency of xylose and L-arabinose was not high enough and the ethanol production was not significantly increased. F85S partly alleviated the glucose suppression, although the glucose inhibitory effect on xylose and L-arabinose utilization still existed as reported (Subtil and Boles, 2012). Moreover, the chassis cells for testing the sugar co-fermentation of transporter was verified to have low pentose metabolic capacity, but useful for transport link study (Wang et al., 2015). F85S of Gal2p might exhibit more efficient co-utilization of pentose with glucose, in a well engineered diploid S. cerevisiae for pentose metabolism.

CONCLUSION

In this study, the crucial amino acid residues of Gal2p for L-arabinose transport were predicted and then studied by site-directed mutagenesis. A total of five mutations, F85S, F85G, F85C, F85T, and F223Q, significantly enhanced the L-arabinose transport activity of Gal2p. Meanwhile, F85C, F85S, and F85T mutants also exhibited increased xylose transport capacity. The F85 site was shown to be a key residue in improving the L-arabinose transport activity of Gal2p, especially when changed to polar amino acids. To the best of our knowledge, this is the first study to identify the crucial amino acid residues of the L-arabinose transporter in S. cerevisiae. The positive pentose transport mutations, especially F85S of Gal2p, were useful for further improving the utilization efficiency of engineered S. cerevisiae for lignocellulosic ethanol production.

AUTHOR CONTRIBUTIONS

CW, XB, and YD designed the study. CW, CQ, YL, SW, and JM performed the laboratory work and analyzed the data. CW wrote the manuscript. YD, QZ, YS, and BD advised the manuscript. CW, XB, and YD supported the study.

FUNDING

This work was supported by the Shandong Provincial Natural Science Foundation (ZR2014CL003), the China Postdoctoral Science Foundation (2015M582121) and the Science and Technology Major Projects of Shandong Province (2015ZDXX0502B02).

ACKNOWLEDGMENT

We thank Xiaowen Tang from the Environment Research Institute, Shandong University, for analyzing the homology model of Gal2p.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01391/full#supplementary-material

FIGURE S1 | The physical map of plasmid pYX242-TEF1araA-Gal2Gal2m.labelFS1

REFERENCES

Entian, K. D., and Kötter, P. (1998). “23 yeast mutant and plasmid collections,” in Methods in Microbiology, eds J. P. B. Alistair and T. Mick (New York, NY: Academic Press), 431–449.

Farrell, A. E., Plevin, R. J., Turner, B. T., Jones, A. D., O’Hare, M., and Kammen, D. M. (2006). Ethanol can contribute to energy and environmental goals. Science 311, 506–508. doi: 10.1126/science.1121416

Farwick, A., Bruder, S., Schadeweg, V., Oreb, M., and Boles, E. (2014). Engineering of yeast hexose transporters to transport d-xylose without inhibition by d-glucose. Proc. Natl. Acad. Sci. U.S.A. 111, 5159–5164. doi: 10.1073/pnas.1323464111

Garcia Sanchez, R., Karhumaa, K., Fonseca, C., Sanchez Nogue, V., Almeida, J. R., Larsson, C. U., et al. (2010). Improved xylose and arabinose utilization by an industrial recombinant Saccharomyces cerevisiae strain using evolutionary engineering. Biotechnol. Biofuels 3:13. doi: 10.1186/1754-6834-3-13

Gibson, D. G. (2011). Enzymatic assembly of overlapping DNA fragments. Methods Enzymol. 498, 349–361. doi: 10.1016/B978-0-12-385120-8.00015-2

Gietz, R. D., Schiestl, R. H., Willems, A. R., and Woods, R. A. (1995). Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure. Yeast 11, 355–360. doi: 10.1002/yea.320110408

Güldener, U., Heck, S., Fiedler, T., Beinhauer, J., and Hegemann, J. H. (1996). A new efficient gene disruption cassette for repeated use in budding yeast. Nucleic Acids Res. 24, 2519–2524.

Hahn-Hägerdal, B., Galbe, M., Gorwa-Grauslund, M. F., Lidén, G., and Zacchi, G. (2006). Bio-ethanol – the fuel of tomorrow from the residues of today. Trends Biotechnol. 24, 549–556. doi: 10.1016/j.tibtech.2006.10.004

Hahn-Hägerdal, B., Karhumaa, K., Jeppsson, M., and Gorwa-Grauslund, M. (2007). “Metabolic engineering for pentose utilization in Saccharomyces cerevisiae,” in Biofuels, ed. L. Olsson (Berlin: Springer), 147–177.

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular dynamics. J. Mol. Graph. 14, 27–38.

Kasahara, T., and Kasahara, M. (2000). Three aromatic amino acid residues critical for galactose transport in yeast Gal2 transporter. J. Biol. Chem. 275, 4422–4428. doi: 10.1074/jbc.275.6.4422

Kim, S. R., Park, Y. C., Jin, Y. S., and Seo, J. H. (2013). Strain engineering of Saccharomyces cerevisiae for enhanced xylose metabolism. Biotechnol. Adv. 31, 851–861. doi: 10.1016/j.biotechadv.2013.03.004

Knoshaug, E. P., Vidgren, V., Magalhães, F., Jarvis, E. E., Franden, M. A., Zhang, M., et al. (2015). Novel transporters from Kluyveromyces marxianus and Pichia guilliermondii expressed in Saccharomyces cerevisiae enable growth on l-arabinose and d-xylose. Yeast 32, 615–628. doi: 10.1002/yea.3084

Kuyper, M., Winkler, A. A., Dijken, J. P., and Pronk, J. T. (2004). Minimal metabolic engineering of Saccharomyces cerevisiae for efficient anaerobic xylose fermentation: a proof of principle. FEMS Yeast Res. 4, 655–664. doi: 10.1016/j.femsyr.2004.01.003

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M. (1993). PROCHECK: a program to check the stereochemical quality of protein structures. J. Appl. Crystallogr. 26, 283–291.

Leandro, M. J., Fonseca, C., and Gonçalves, P. (2009). Hexose and pentose transport in ascomycetous yeasts: an overview. FEMS Yeast Res. 9, 511–525. doi: 10.1111/j.1567-1364.2009.00509.x

Li, J., Xu, J., Cai, P., Wang, B., Ma, Y., Benz, J. P., et al. (2015). Functional analysis of two l-arabinose transporters from filamentous fungi reveals promising characteristics for improved pentose utilization in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 81, 4062–4070. doi: 10.1128/aem.00165-15

Mabee, W. E. (2007). Policy Options to Support Biofuel Production, ed. L. Olsson. Berlin: Springer, 329–357.

Peng, B., Shen, Y., Li, X., Chen, X., Hou, J., and Bao, X. (2012). Improvement of xylose fermentation in respiratory-deficient xylose-fermenting Saccharomyces cerevisiae. Metab. Eng. 14, 9–18. doi: 10.1016/j.ymben.2011.12.001

Reider Apel, A., Ouellet, M., Szmidt-Middleton, H., Keasling, J. D., and Mukhopadhyay, A. (2016). Evolved hexose transporter enhances xylose uptake and glucose/xylose co-utilization in Saccharomyces cerevisiae. Sci. Rep. 6:19512. doi: 10.1038/srep19512

Seiboth, B., and Metz, B. (2011). Fungal arabinan and l-arabinose metabolism. Appl. Microbiol. Biotechnol. 89, 1665–1673. doi: 10.1007/s00253-010-3071-8

Shin, H. Y., Nijland, J. G., Waal, P. P., Jong, R. M., Klaassen, P., and Driessen, A. J. M. (2015). An engineered cryptic Hxt11 sugar transporter facilitates glucose–xylose co-consumption in Saccharomyces cerevisiae. Biotechnol. Biofuels 8:176. doi: 10.1186/s13068-015-0360-6

Subtil, T., and Boles, E. (2011). Improving L-arabinose utilization of pentose fermenting Saccharomyces cerevisiae cells by heterologous expression of L-arabinose transporting sugar transporters. Biotechnol. Biofuels 4:38. doi: 10.1186/1754-6834-4-38

Subtil, T., and Boles, E. (2012). Competition between pentoses and glucose during uptake and catabolism in recombinant Saccharomyces cerevisiae. Biotechnol. Biofuels 5:14. doi: 10.1186/1754-6834-5-14

Sun, L., Zeng, X., Yan, C., Sun, X., Gong, X., Rao, Y., et al. (2012). Crystal structure of a bacterial homologue of glucose transporters GLUT1-4. Nature 490, 361–366. doi: 10.1038/nature11524

Urban, A., Neukirchen, S., and Jaeger, K. E. (1997). A rapid and efficient method for site-directed mutagenesis using one-step overlap extension PCR. Nucleic Acids Res. 25, 2227–2228.

Verho, R., Penttila, M., and Richard, P. (2011). Cloning of two genes (LAT1,2) encoding specific L-arabinose transporters of the L-arabinose fermenting yeast Ambrosiozyma monospora. Appl. Biochem. Biotechnol. 164, 604–611. doi: 10.1007/s12010-011-9161-y

Wang, C., Bao, X., Li, Y., Jiao, C., Hou, J., Zhang, Q., et al. (2015). Cloning and characterization of heterologous transporters in Saccharomyces cerevisiae and identification of important amino acids for xylose utilization. Metab. Eng. 30, 79–88. doi: 10.1016/j.ymben.2015.04.007

Wang, C., Shen, Y., Zhang, Y., Suo, F., Hou, J., and Bao, X. (2013). Improvement of L-arabinose fermentation by modifying the metabolic pathway and transport in Saccharomyces cerevisiae. BioMed Res. Int. 2013: 461204. doi: 10.1155/2013/461204

Wang, C., Zhao, J., Qiu, C., Wang, S., Shen, Y., Du, B., et al. (2017). Coutilization of D-Glucose, D-Xylose, and L-Arabinose in Saccharomyces cerevisiae by coexpressing the metabolic pathways and evolutionary engineering. BioMed Res. Int. 2017:5318232. doi: 10.1155/2017/5318232

Wieczorke, R., Krampe, S., Weierstall, T., Freidel, K., Hollenberg, C. P., and Boles, E. (1999). Concurrent knock-out of at least 20 transporter genes is required to block uptake of hexoses in Saccharomyces cerevisiae. FEBS Lett. 464, 123–128. doi: 10.1016/S0014-5793(99)01698-1

Wisselink, H. W., Cipollina, C., Oud, B., Crimi, B., Heijnen, J. J., Pronk, J. T., et al. (2010). Metabolome, transcriptome and metabolic flux analysis of arabinose fermentation by engineered Saccharomyces cerevisiae. Metab. Eng. 12, 537–551. doi: 10.1016/j.ymben.2010.08.003

Wisselink, H. W., Toirkens, M. J., del Rosario Franco Berriel, M., Winkler, A. A., van Dijken, J. P., Pronk, J. T., et al. (2007). Engineering of Saccharomyces cerevisiae for efficient anaerobic alcoholic fermentation of l-arabinose. Appl. Environ. Microbiol. 73, 4881–4891. doi: 10.1128/aem.00177-07

Wisselink, H. W., Toirkens, M. J., Wu, Q., Pronk, J. T., and van Maris, A. J. A. (2009). Novel evolutionary engineering approach for accelerated utilization of glucose, xylose, and arabinose mixtures by engineered Saccharomyces cerevisiae strains. Appl. Environ. Microbiol. 75, 907–914. doi: 10.1128/aem.02268-08

Young, E. M., Tong, A., Bui, H., Spofford, C., and Alper, H. S. (2014). Rewiring yeast sugar transporter preference through modifying a conserved protein motif. Proc. Natl. Acad. Sci. U.S.A. 111, 131–136. doi: 10.1073/pnas.1311970111

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Wang, Li, Qiu, Wang, Ma, Shen, Zhang, Du, Ding and Bao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-01391-t003.jpg
The amino The position of Within 3 A Hydrogen

acid residues the amino acid distance with bonding with
within 5 A residues L-arabinose L-arabinose
distance with

L-arabinose

F85 TMSH Yes No

G86 TMSH No No

T89 TMSH Yes No

G990 TMSH No No

218 TMS5 Yes No

222 TMS5 Yes No
F223 TMS5 No No
N346 TMS7 Yes Yes
N347 TMS7 Yes Yes
F350 TMS7 Yes No
Y351 TMS7 Yes No
N376 TMS8 No No
Y446 TMS10 No No
W479 TMS11 No No






OPS/images/fmicb-08-01391-t002.jpg
Primers

Gal2-G418knock-F

Gal2-G418knock-R

Gal2-EcoR I-F
Gal2-Neo I-R
Gal2-One22-F
Gal2-One22-R
Gal2-F85-F
Gal2-F85-R
Gal2-T89-F
Gal2-T89-R
Gal2-F223-F
Gal2-F223-R
Gal2-N3467-F
Gal2-N3467-R
Gal2-F3501-F
Gal2-F3501-R
Gal2-N376-F
Gal2-N376-R
Gal2-Y446-F
Gal2-Y446-R
pYX242-ce-F
pYX242-ce-R
PGKt-pYX2422-R

Sequence (5'-3)

ATGGCAGTTGAGGAGAACAATATGCCTGTTGTTTCACAGCA
ACCCCAAGCTGGTGAAGACAGCTGAAGCTTCGTACGCTG

TTATTCTAGCATGGCCTTGTACCACGGTTTGTCGTCATGTTGT

AAATCCTCTAAATCGTAGCATAGGCCACTAGTGGATCTG
CCGGAATTCATGGCAGTTGAGGAGAACAATATGC
CATGCCATGGTTATTCTAGCATGGCCTTGTAC

AAAAAACACATACAGGAATTCATGGCAGTTGAGGAGAACAATATGC
CCTAGCTAGCTAGATCCATGGTTATTCTAGCATGGCCTTGTAC

TTCGGCGGCTTCATGNNNGGCTGGGATACCGGT
TACCGGTATCCCAGCCNNNCATGAAGCCGCCGAAG
CATGTTTGGCTGGGATNNNGGTACTATTTCTGGG
CCCAGAAATAGTACCNNNATCCCAGCCAAACATG
ATTACTGCAGGTATCNNNTTGGGCTACTGTACT
AGTACAGTAGCCCAANNNGATACCTGCAGTAAT
CAACAATTAACCGGTNNNNNNTATTTTTTCTACTACGG
CCGTAGTAGAAAAAATANNNNNNACCGGTTAATTGTTG
CCGGTAACAATTATTTTNNNNNNTACGGTACCGTTATT
AATAACGGTACCGTANNNNNNAAAATAATTGTTACCGG
GTCATTGGTGTAGTCNNNTTTGCCTCCACTTTC
GAAAGTGGAGGCAAANNNGACTACACCAATGAC
CCTGTTTTTATATTTTCTGTNNNGCCACAACCTGGGCG
CGCCCAGGTTGTGGCNNNACAGAAAATATAAAAACAGG
GGAGTTTAGTGAACTTGCAAC
CGACTCACTATAGGGCGAATTG
ATACGCTGAACCCGAACATAG

Purpose

Cloning the fragments for Gal2
deletion

Cloning Gal2

Cloning Gal2 for one-step clone

Obtaining the F&5 site
mutations of Gal2

Obtaining the T89 site
mutations of Gal2

Obtaining the F223 site
mutations of Gal2

Obtaining the two sites N346
and N347 mutations of Gal2
Obtaining the two sites F350
and Y351 mutations of Gal2
Obtaining the N376 site
mutations of Gal2

Obtaining the Y446 site
mutations of Gal2

Plasmid pYX242 verifying and
the Gal2 mutation sequencing





OPS/images/fmicb-08-01391-t001.jpg
Tt

Torance

Tk

{1}

conmn

{

i Tk K108
POk PO
it Kl 5

[
P2 Gl KL TEF A

P22 s PO TEF I

-

ara 23,1232

COUPI23Adoratn 3 (281
e
AL AAI PN,
o 1 S (5 .
PR TEF o, .
-

e pm—
i

e p———
o

lonac TR

S s
[ty
ey
e et oo
e
owsEn arane:

Iprate T et

oW aran:

lpraia T e oon)

oW e

PR TE e . Yo
oW s

Ve Tk oS,
Wswal

[

Vg 13

e

Pt e

Vgt 015

[——

1001242 TEF st st corty f s sors
2t ot T D s cay o o S icrs
Gt o YRS T8 o T BE
g s s o s 8 s e





OPS/images/fmicb-08-01391-t004.jpg
o e omiom






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

Identification of Important
Amino Acids in Gal2p for
Improving the L-arabinose
Transport and Metabolism in
Saccharomyces cerevisiae





OPS/images/fmicb-08-01391-g002.jpg





OPS/images/fmicb-08-01391-g001.jpg
M (h)

0.16

0.12

0.04

BSW3AP

BSW5AP-A BSW5AP-AGal2





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-08-01391-e001.jpg





OPS/images/fmicb-08-01391-g004.jpg
Sc-Gal2
Sc-HXT9
Sc-HXT10
Tr-Stpl
Mg-Mgt04891
At-Stp2
Km-KmAXT1
Ss-AraT
Mg-Mgt05860
Pg-PgAXT1
Am-LAT1
Mt-MtLAT-1
Nc-LAT-1
Am-LAT2
Tc-Tctl
Tc-Tct2
Mg-Mgt05293

F85

PRKPMS—~——- EYVTVSLLCLCVAFGGFMEGWDTGT ISGEVVQTDF -LR--RFGMKHKDG
PQKPLS-----, AYTTVAILCLMIAFGGFIFGWDTGTISGFVNLSDF-IR--RFGQKNDKG
PYKPII-----, AYWTVMGLCLMIAFGGFIFGWDTGTISGFINQTDF-KR-~-RFGELQRDG
IEAPIT DSGYINGVNGSAIF-YK--AVEGINATK
KKAGST--- DTGTIGGILGMKYV-TE--RFPQDWKHD
KAFPAK- DIGISGGVTSMDTFLLD--FFPHVYEKK

AKFPQI- DISSMSSMIGTETY-KK--YFDHP-
DRLPNI--— DISSMSAFIGEDDY-KN--FFNNP—
DRTPNT--— DISSMSVFVGQTPY-LN--FFHSP-
DETPNI-~~ DISSMSAFVSLPAY-VN--YFDTP-
MRLPKV-- ~YNPYVSAIIATIGGSLEGFDVSSISAIIGTDQY-LK--YFGSP—
MKLPTI-- ~YNVQLVAIIATLGGMLEGFDISSMSAIVVTDQY-IE-~-YFNNP-
LKLPTI--- ~YNVHLVAIIATUGGALFGFDISSMSAIVVTDQY-LT~~YFNNP-~~-~

LHGKKL- ~--THSVVALSA! DQGMMSGVNNSPDY-VKIMKFGYWDEDA
PRPDRV- --RAWLCAMSAAMTMALNGlY DSSTFNSVQGYKTF-VN--HFKARPEDT
PLSPKV--- ~YTL-LCGCFAALGSVLEGYDLGVIASVLPAPDF-LS--TTGLEGKDT

EALPTLDDSDKKHIAVSIFCLLIAFGGEVEGFDTGTISGFVNMPDF-KQ--RFGQLEHDE






OPS/images/fmicb-08-01391-e002.jpg





OPS/images/fmicb-08-01391-g003.jpg





OPS/images/fmicb-08-01391-e003.jpg





OPS/images/fmicb-08-01391-g006.jpg





OPS/images/fmicb-08-01391-e004.jpg





OPS/images/fmicb-08-01391-g005.jpg
m Glucose

Control Gal2p F85C F85S F85G  F85T F223Q

m Xylose

Control Gal2p F85C F85S F85G  F85T F223Q





