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ARTICLE INFO ABSTRACT

Keywords: This research identified four amino acid residues (Leul74, Asn297, Tyr301, and GIn291) that contribute to sub-
Hexose transporter strate recognition by the high-affinity glucose transporter Xltrlp from Trichoderma reesei. Potential hotspots af-
Glucose fecting substrate specificity were selected through homology modeling, evolutionary conservation analyses, and
;‘:s;z’ss: substrate-docking modeling of Xltrlp. Variants carrying mutations at these hotspots were subsequently obtained

via in silico screening. Replacement of Leul74 or Asn297 in Xltrlp with alanine resulted in loss of hexose trans-
port activity, indicating that Leul74 and Asn297 play essential roles in hexose transport. The Y301W variant
exhibited accelerated mannose transport, but lost galactose transport capacity, and mutation of GIn291 to ala-
nine greatly accelerated mannose transport. These results suggest that amino acids located in transmembrane
a-helix 7 (Asn297, Tyr301, and GIn291) play critical roles in substrate recognition by the hexose transporter
Xltrlp. Our results will help expand the potential applications of this transporter and provide insights into the

Transmembrane a-helix 7
Sugar transport
Computer-aided screening

mechanisms underlying its function and specificity.

1. Introduction

Synthetic biology is an emerging interdisciplinary field that has led
to significant advances in diverse research disciplines [1,2]. Microbial
consortia form efficient biosynthetic systems owing to their robustness,
flexibility, and high product yields compared to monomicrobial systems
[2-4]. Such consortia have increasingly garnered significant attention
in synthetic biology research [5,6]. The construction of strains exhibit-
ing preferences for different carbon sources eliminates carbon catabolic
repression and substrate competition [3,7], facilitating stable mainte-
nance of such systems. Relative ease of population ratio regulation in a
microbial consortium would facilitate regulation of global metabolism
[3,8-11].

Sugar transport is the first step in carbohydrate metabolism in vivo.
Sugar transporters located in cell membranes often serve as sentinels
that regulate the transport of various sugars into the cells. Strains
expressing different specific transporters can utilize specific carbon
sources. Sugar transporters are widely distributed in nature and are of
three main types: 1) ATP-binding cassette (ABC) transporters, which
are the predominant sugar transporters among bacteria [12,13]; 2) the

carbohydrate phosphotransferase system (PTS), which has been iden-
tified only in bacteria [14,15]; and 3) the major facilitator superfam-
ily (MFS), which are the main family of transporters conserved among
bacteria, archaea, and eukaryotes [16,17]. Saccharomyces cerevisiae is a
well-established eukaryote model system that has been widely employed
in synthetic biology as a chassis cell for the synthesis of a variety of
high-value products [18,19]. Twenty hexose transporters are encoded
in S. cerevisiae, including hexose transporters 1-17 (Hxt1-17), galac-
tose transporter 2 (Gal2), two glucose sensors, sucrose non-fermenting
3 (Snf3), and restored glucose transport (Rgt2) [20,21]; of these, Hxt1-
7 are mainly responsible for glucose transport. Based on their affinity
for glucose, transporters are classified as high- (Hxt6, Hxt7, and Gal2),
intermediate- (Hxt2, Hxt4, and Hxt5), or low-affinity transporters, all of
which can transport a wide range of sugars.

The use of mixed carbon sources is highly beneficial for controlling
bacterial growth ratios. However, homologous [22,23] and heterolo-
gous [24] expression of several transporters has revealed their potential
to transport multiple sugars, although all of them exhibit innate sensi-
tivity to competitive inhibition by glucose [25]. In fact, a hexose trans-
porter that is insensitive to competitive inhibition by glucose has not

Abbreviations: TMS, transmembrane section; MFS, major facilitator superfamily; ABC, ATP-binding cassette; PTS, carbohydrate phosphotransferase system; 3D,
three-dimensional; Hxt, hexose transporter; Snf3, sucrose non fermenting 3; Rgt2, restores glucose transport.
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been identified [26]. Exploration of the mechanisms underlying sub-
strate recognition by these transporters is expected to greatly facilitate
the development of specific transporters.

Several studies have elucidated mechanisms underlying substrate
recognition by these transporters. Rojas et al. (2021) identified amino
acid residues in Gal2 from S. cerevisiae (ScGal2) that are crucial for xy-
lose transport. Tyr446, an aromatic amino acid in transmembrane seg-
ment 10 (TMS10) of ScGal2, is important for galactose transport, while
Trp455 plays an important role in distinguishing galactose from glucose
[27-29]. To date, mutants that exclusively transport galactose and not
glucose have not been obtained. Tyr388 (corresponding to Trp455 of
Gal2) in TM10 of rat glucose transporter 1 (Glutl) plays an important
role in glucose transport [30]. Qiao et al. identified five residues (N321,
N322, F325, G426, and P427) in transmembrane segment 7 (TMS7) and
TMS10 regions of Hxt4 from Candida glycerinogenes (CgHxt4), which are
essential for efficient glucose transport. Residues N321 and P427 likely
play roles in glucose coordination and conformational flexibility, respec-
tively [31]. Asn331 in TMS7 of Hxt2 plays a key role in determining
substrate affinity, whereas Asp340 in TMS7 of Hxt7 is located at or in
close proximity to the substrate-recognition site and plays a key role in
high-affinity glucose transport by Hxt7 [32].

Xltrlp, a high-affinity glucose transporter from Trichoderma reesei
that belongs to the MFS family, was identified in a previous study by
our group [33]. Xltrlp exhibited the capacity to transport a wide range
of hexose molecules and has been modified to obtain xylose transporter
variants that escape competitive inhibition by glucose. These vari-
ants thus play an important role in the utilization of xylose-containing
biomass. Despite these efforts, our understanding of the mechanisms
underlying the function of this transporter remains limited. The goal
of obtaining sugar transporters with varying capacities for transporting
different hexose molecules necessitates exploration of the mechanisms
underlying the recognition of different substrates.

In the present study, four amino acid residues (Leul74, Asp297,
Tyr301, and GIn291) that contribute to substrate recognition by Xltrlp
were identified. First, sequence comparison was performed and evolu-
tionary conservation of Xltrlp was investigated using CulstalW and Con-
surf. Second, 3-dimensional (3D) structures of Xltrlp were obtained via
homology modeling. Finally, docking studies were carried out between
Xltrlp and the different hexose sugars, followed by identification of key
amino acid residues for substrate binding. Based on our in silico docking
analyses, the glucose, galactose, and mannose utilization capacities of
S. cerevisiae EBYVW.4000 strain harboring each variant were examined.
Among these, mutant Q291A exhibited an increased rate of mannose uti-
lization compared to the strain expressing wild-type (WT) transporter.
The strain expressing the Y301W variant retained its glucose utilization
capacity, exhibited accelerated mannose utilization, and lost detectable
galactose utilization capacity. This study facilitates the development of
strategies to expand the potential applications of specific transporters
and provides insights into mechanisms underlying substrate recognition
by transporters.

2. Materials and methods
2.1. Chemicals, plasmids, and bacterial strain

Glucose, galactose, and mannose were purchased from Coolaber Co.
Ltd. (Beijing, China). A KOD-Plus-Mutagenesis Kit was purchased from
Toyobo Co., Ltd. (Osaka, Japan), and an ABclonal MultiF Seamless As-
sembly Kit was obtained from ABclonal Technology Co., Ltd. (Wuhan,
China). The plasmid pJFE3 was purchased from Invitrogen (Carlsbad,
CA, USA). Escherichia coli DH5« was purchased from Tsingke Biotechnol-
ogy Co., Ltd. Primers were synthesized by Ruibiotech Co., Ltd. (Beijing,
China). Phanta®Max Super-Fidelity DNA Polymerase was purchased
from Vazyme Biotech Co., Ltd. (Nanjing, China). The other chemicals
employed in this study were of analytical grade and obtained from com-
mercial sources, unless otherwise noted.
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2.2. Gene constructs and site-directed mutagenesis

The gene encoding Xltrlp (GenBank ID: XP_006966515) was ampli-
fied from T. reesei QM6a (ATCC 13631) using primers harboring homol-
ogous arms and ligated into the pJFE3 vector to obtain the recombi-
nant plasmid pJFE3-Xltrlp. Mutants were generated using a KOD-Plus-
Mutagenesis Kit with pJFE3-Xltr1p as template. The plasmids and strains
used in this study are shown in Table S1, and the primers used are listed
in Table S2.

2.3. Strains, media, and culture conditions

E. coli DH5a clones harboring recombinant plasmids were cultured
in Luria broth containing 10 ug mL~! ampicillin at 37 °C. S. cere-
visiae EBY.VW4000, a strain devoid of all genes encoding hexose trans-
porters, was used to investigate various transporters [34]. The strain
EBY.VW4000 was cultured in YPM as described previously [33]. Recom-
binant plasmids were introduced into S. cerevisiae EBY.VW4000 to gen-
erate various recombinant yeast strains as previously reported [35,36].
Media glucose, galactose, and mannose depletion was estimated to in-
vestigate the effects of specific amino acid residues on hexose transport.
Recombinant yeast strains were pre-cultured in a synthetic defined (SD)
medium containing maltose (2 % w/v) for 12 h [37]. Cells were then
washed thrice with cold double-distilled water and harvested. Harvested
cells were inoculated into SD medium containing glucose, galactose, or
mannose (2 % w/v) at 30 °C to obtain an initial optical density of 0.2
at 600 nm (ODggg,,)- Samples were withdrawn at specified time points
(0, 12, 24, 48, 72, 96, and 120 h) to estimate residual concentrations of
the carbon source and to measure ODggo,-

2.4. Determination of glucose, galactose, and mannose

The withdrawn samples were centrifuged at 13,000 x g for 2 min,
and supernatants were filtered through 0.22-um membrane filters. Con-
centrations of glucose, galactose, and mannose were determined using
a high-performance liquid chromatography instrument equipped with
a refractive index detector (RI detector L2490, HITACHI, Japan) and
a Shodex SP-0810 column (300 x 8 mm, Showa Denko K.K., Tokyo,
Japan). Doubly-distilled water was used as the mobile phase and sam-
ples were separated at 80 °C at a flow rate of 1.0 mL min~!. Respective
glucose, galactose, and mannose retention times were 8.64, 9.92, and
11.04 min.

2.5. Homology modeling and evolutionary conservation analysis of Xltr1p

Homology modeling of Xltrlp was carried out using SWISS-MODEL
(https://swissmodel.expasy.org/), MODELLER (https://salilab.org/
modeller/), Al-lab (https://drug.ai.tencent.com/cn), and PHYRE2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)  soft-
ware. XylEp (PDB ID: 4GBY) and Arabidopsis thaliana STP10 (AtSTP10;
PDB ID: 6H7D) were used as templates. The evolutionary conserva-
tion of the primary structure of Xltrlp was predicted using Consurf
(https://predictprotein.org/).

2.6. Substrate docking and ligand—protein interaction analyses, and
prediction of transmembrane helices in Xltrip

Docking between transporters and D-glucose (PubChem CID:
5793), D-mannose (PubChem CID: 18950), and D-galactose
(PubChem CID: 6036) was performed using Schrodinger Suites
2021-4  (https://newsite.schrodinger.com/).  Substrate  docking
and interaction analyses were performed using Ligplot software
(https://www.ebi.ac.uk/thornton-srv/software/LigPlus/). Transmem-
brane helix prediction was conducted using PHYRE2 and DeepTMHMM
(https://dtu.biolib.com/DeepTMHMM) tools.
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3. Results and discussion for homology modeling of Xltr1lp using SWISS-MODEL [39], MODELLER
[40], and PHYRE2 [41]. In addition, Al-lab [42] was employed for

3.1. Computer-aided protein engineering ab initio prediction-based modeling of Xltrlp. The four models built
via different methods revealed similar characteristics, as shown in Fig.

We first compared the amino acid sequence of Xltrlp with those of S2. Docking studies between Xltrlp and D-glucose, D-mannose, or D-
other sugar transporters using ClustalW (Fig. 1A). Additional sequence galactose ligands were conducted to identify amino acid residues that

comparisons are shown in Fig. S1. The evolutionary conservation of play direct roles in hexose transport by Xltrlp (Fig. 2A). The structures
amino acids was predicted using Consurf [38] (Fig. 1B). A high degree of of the three sugar molecules are shown in Fig. S3. Nine residues in Xltrlp
evolutionary conservation was observed for the following residues, sug- (L174, Q291, Q292, N297, F298, F300, Y301, W407, and N434; Fig. 2B)
gesting that they are likely to play key roles in sugar transport: aspartic were selected following analysis of the ligand—protein docking models
acid (D) 39, arginine (R) 132, glutamine (Q) 288, glutamine (Q)291, glu- using Ligplot software (Fig. 2C, D, E). These residues are located within
tamine (Q)292, phenylalanine (F) 298, isoleucine (I) 299, phenylalanine 5-A of the sugar molecules and interact with the latter via hydrogen
(F) 300, tyrosine (Y) 301, tyrosine (Y) 302, asparagine (N) 326, trypto- bonds or hydrophobic interactions (Fig. 2C, D, E).

phan (W) 407, and asparagine (N) 434 (Fig. 1A, B). Subsequently, XylEp The abovementioned nine amino acid residues of Xltrlp were sub-
(PDB ID: 4GBY) and AtSTP10 (PDB ID: 6H7D) were used as templates stituted with alanine (A), lysine (L), phenylalanine (F), and tryptophan
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Fig. 1. Amino acid conservation analysis of the sugar transporter protein Xltrlp. (A) Amino acid sequence comparison of Xltrlp with other hexose transporter
proteins (GAT1 from Neurospora crassa, XP_963898.1; NcHXT-1 from Neurospora crassa, XP_965499.1; NcHXT-2 from Neurospora crassa, XP_959563; ScSUT3 from
saccharomyces cerevisiae, XP_001386019.2; KIHgt1l from Kluyveromyces lactis, XP_451484.1; TrStrl from Trichoderma reesei, XP_006967934.1; TrStr2 from Tricho-
derma reesei, XP_006967659.1; TrStr3 from Trichoderma reesei, EGR49690.1; Xltr1lp from Trichoderma reesei, XP_006966515.1; ScGAL2 from saccharomyces cerevisiae,
NP_013182.1). (B) Prediction of the evolutionary conservation of Xltrlp amino acid sequences using Consurf (https://predictprotein.org/).
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Fig. 2. Substrate—protein docking analyses. (A) Homology modeling of Xltrlp based on the crystal structure of XylEp using SWISS-MODEL, followed by docking
analysis with the substrates D-glucose (blue), D-mannose (magenta), and D-galactose (yellow) using Schrodinger software. (B) Display of the Xltrlp amino acid
residues selected for mutation analysis. Analysis of the interactions between Xltrlp and D-glucose (C), D-galactose (D), or D-mannose (E) using Ligplot software.

(W) using site-directed mutagenesis to obtain the following 33 vari-
ants: L174A, L174F, L174W, Q291A, Q291L, Q291F, Q291W, Q292A,
Q292L, Q292F, Q292W, N297A, N297L, N297F, N297W, F298A, F298L,
F298W, F300A, F300L, F300F, F300W, Y301A, Y301L, Y301F, Y301W,
W407A, W407L, W407F, N434A, N434L, N434F, and N434W. The 3D
structures of the variants were obtained using UCSF Chimera software
(https://www.cgl.ucsf.edu/chimera/), and used for substrate docking
analysis of each of the variant models with D-glucose, D-galactose, or
D-mannose; the scores obtained for the molecular docking analyses are
shown in Table S3. The binding energies of the N297A, L174A, Q291A,
or Y301W variants with the ligands, as estimated by substrate dock-
ing analyses, were lower than —7 kcal mol~!, while the ligand-protein
affinities for these variants were higher than those of the other variants.
Thus, the Xltrlp variants N297A, L174A, Q291A, and Y301W were used
in further investigations.

3.2. Detection of D-glucose, D-galactose, and D-mannose utilization by S.
cerevisiae EBY.VW4000 harboring Xltr1p variants

The utilization of hexose sugars by S. cerevisiae EBY.VW4000 har-
boring the Xltrlp variants L174A, Q291A, Y301W, and N297A or
WT Xltrlp (henceforth referred to as strains L174AXtrlp 9291 AXltrlp
Y301WXltrlp | N297AXItrlp  and WTXIIP | respectively) was evaluated
(Fig. 3). Strains L174AXIr1P and N297AXIrIP Jost the ability to utilize
D-glucose, D-galactose, and D-mannose (Fig. 3 panels A4, B4, C4, A5,
B5, C5). Interestingly, strain Y301WXI'1P Jost the ability to utilize D-
galactose but utilized D-mannose at an accelerated rate (Fig. 3 pan-
els B2 and C2), whereas the rate of D-glucose utilization (Fig. 3 panel

A2) remained equivalent to that of WTXI'P, The Q291AXI'IP strain
retained uncompromised ability to utilize D-glucose and D-galactose
(Fig. 3 panels A3 and B3), while utilizing D-mannose at a signifi-
cantly accelerated rate (Fig. 3 panel C3) compared to WTXI'!P (Fig. 3
panel C1).

The hexose utilization capacity of the strains harboring Xltrlp mu-
tants was subsequently assessed. The sugar utilization capacity of these
strains was used to infer the transport capacity of the corresponding
transporter variants. As shown in Fig. 4, WTXI"IP exhibited hexose uti-
lization capacity in the following order: D-glucose > D-mannose > D-
galactose. The sugar utilization ratio represents the sugar utilization ca-
pacity, calculated as follows: amount of sugar consumed (g L~1)/total
sugar added (g L'). The D-glucose utilization ratios of the strains
Y301WXItrlP Q291 AXIIP, and WTXIP were 0.97, 0.97, and 0.89, re-
spectively, at 120 h (Fig. 4A). The respective corresponding D-glucose
utilization rates were 0.158, 0.169, and 0.138 g L~! h~! at 120 h
(Fig. 4B). Therefore, the Y301WXI'lP and Q291AX1P variants were
inferred to possess stronger glucose transport capacity than WTX!tr1p,
The respective D-galactose utilization ratios of the strains Y301 WXltrlp,
Q291AXr1P and WTXIIP were 0.021, 0.297, and 0.270 at 120 h
(Fig. 4C). The respective corresponding D-galactose utilization rates
were 0.004, 0.054, and 0.048 g L1 h~! at 120 h (Fig. 4D). The uti-
lization rate of D-galactose by the strain expressing the Q291A mu-
tant was 12.5 % higher than that expressing the WT transporter, pos-
sibly owing to the slightly improved transport of D-galactose by strain
Q291AX1r1P compared to WTXI'IP, The D-galactose utilization rate of the
Y301W mutant decreased by 91.7 % compared to that of the WT trans-
porter, possibly due to the loss of D-galactose transport capacity by strain
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Fig. 3. Estimation of D-glucose (A), D-galactose (B), and D-mannose (C) utilization by S. cerevisiae EBY.VW4000 harboring WT Xltr1p and its variants Y301W, Q291A,
L174A, and N297A. All experiments were performed using three biological replicates, with the strain harboring the plasmid pJFE3 without Xltrlp representing the

negative control.
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Fig. 4. Comparison of D-glucose (A, B), D-galactose (C, D), and D-mannose (E, F) utilization ratios (A, C, E) and rates (B, D, F) by S. cerevisiae EBY.VW4000 harboring
WT Xltrlp and its variants. All experiments were performed using three biological replicates. The sugar utilization ratio represents sugar utilization capacity,
calculated as follows: amount of sugar consumed (g L~1)/total sugar added (g L~!). The sugar utilization rate was calculated as follows: amount of sugar consumed

(g L~1)/time (h).

Y301WXItrlP| The respective D-mannose utilization ratio of the strains
Y301WXltrlp 9291 AXr1P and WTXIIP were 0.690, 0.970, and 0.500
at 120 h (Fig. 4E), and the respective corresponding D-mannose utiliza-
tion rates were 0.124, 0.173, and 0.087 g L-! h~! at 120 h (Fig. 4F).
The D-mannose utilization rates corresponding to the mutants Q291A
and Y301W were 98.8 % and 42.5 % higher than those of the WT trans-
porter, respectively, which could be explained by the assumption that
D-mannose transport was significantly accelerated in strains Q291 AXItr1p
and Y301WXItrlp,

We performed mixed-sugar experiments under the following condi-
tions: 1) a mixture of 10 g/L glucose and 10 g/L mannose and 2) a mix-
ture of 10 g/L glucose and 10 g/L galactose. The utilization of mixed

sugars by strains L174AXtrlp | Q291AXItrlp | y301wXltrlp | N297AXItr1p)
and WTXI'1P was investigated using galactose or mannose mixed with
glucose as the carbon source in the medium. The results are shown in
Fig. 5. Strains L174AX1"1P and N297AX!"1P Jost their ability to utilize
glucose, mannose, and galactose. Glucose was completely consumed by
strains Q291AX!"IP and Y301WXI'P in 72 h. The respective D-galactose
utilization ratios of the strains Q291AXr1P and Y301 WXI'lP were 0.53
and 0.09 at 120 h. The respective D-mannose utilization ratios of strains
Q291 AXIr1P and Y301 WXIr1P were 0.99 and 0.86 at 120 h. As mentioned
above, the mannose transport capacity of Q291AX'1P was significantly
higher than that of WTX'1P| and the galactose transport capacity of
Y301WXI'IP was weakened.
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Fig. 5. Growth and sugar utilization of strains L174AX"1P(A-B),
N297AXltr1p (C-D), WTXIrP (E-F), Q291AXtr1P (G-H) and Y301 WXltrlp
(1-J) in the presence of mixed sugar. All experiments were performed
using three biological replicates.
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3.3. Structure analyses

These results prompted us to explore the mechanisms governing hex-
ose transport by Xltrlp. LigPlot software was used to analyze interac-
tions between transporters and sugar molecules (Fig. 6). In WT Xltrlp, a
hydrogen bond was observed between N297 and D-glucose, D-galactose,
or D-mannose molecules, which was lost following mutation of the as-
paragine residue to alanine (Fig. 6A-C). Residue N297 was thus inferred
to play a critical role in hexose transport by Xltrlp, consistent with the
observed loss of hexose transport capacity in the N297A mutant trans-
porter (Fig. 3 panels A5, B5, C5).

The L174A variant also lost its capacity to transport D-glucose, D-
mannose, and D-galactose, which was attributed to a significant reduc-
tion in hydrogen-bonding interactions between the L174A variant and
the sugar molecules, as evidenced by comparing the ligand-protein in-
teraction diagrams for WT and L174A Xltrlp (Figs. 6D-F, 2C-E). In WT
Xltrlp, Q167, N326, G403, W407, Q291, Y36, and N297 residues form
hydrogen bonds with D-glucose, as opposed to only Y36, Q167, N326,
and N297 residues in the L174A variant, maintaining hydrogen bonds
with D-glucose. The Q167, N326, G403, W407, Q291, Q292, Y36, and
N297 residues of WT Xltrlp form hydrogen bonds with D-galactose, as
opposed to only T170 and N297 residues in the L174A variant form-
ing hydrogen bonds with D-galactose. The Q167, N326, W407, Q291,
Q292, Y36, and N297 residues of WT Xltrlp form hydrogen-bonds with
D-mannose, while only N297, Q167, and N326 residues of the L174A
variant form hydrogen bonds with D-mannose. These results support the
important role of L174 in governing the interactions of adjacent amino
acids with sugar molecules, such that its mutation results in the loss of
hexose transport capacity.

The Y301W variant of Xltrlp exhibited a loss of galactose trans-
port capacity, consistent with the observed weaker interactions of the
Y301W mutant with sugar molecules than those of WT Xltrlp (Fig. 6G-
D). An analysis of the Xltrlp protein structure revealed that the ben-
zene ring of the indole component of tryptophan 301 in the mutant
protein was spatially altered to lie almost perpendicular to the pore,
relative to tyrosine 301 in the WT transporter (Fig. 7A). The rotated
conformation of this mutated residue was hypothesized to create a spa-
tial barrier to D-galactose transport, resulting in loss of galactose trans-
port capacity in the Y301W variant. The Y301W variant lost its galac-
tose transport capacity while retaining higher glucose and mannose
transport capacities. Analysis of the conformations of the three sugar
molecules revealed that the configuration of the fourth carbon atom of
galactose (S-configuration) differed significantly from those of the other
two sugar molecules (R-configuration; Fig. S3). The distances between
the tryptophan residue at site 301 in the Y301W variant and the C4
sites of D-glucose, D-mannose, and D-galactose were found to be 4.3,
5.1, and 5.6 /ok, respectively (Fig. 7B). The weak interaction of Y301W
with galactose was thus hypothesized to result in loss of galactose trans-
port capacity. Prediction of the transmembrane helices of Xltrlp using
DeepTMHMM (Fig. S4) and PHYRE2 (Fig. 7C) revealed that amino acid
residue 301 is located in TM7, which has been previously reported to
play an important role in hexose transport [31,32].

The Q291A mutation greatly accelerated D-mannose transport. Sim-
ilar analyses revealed that when glutamine (Q291) was mutated to ala-
nine (A), more hydrophobic interactions were formed between the ala-
nine and mannose molecules (Fig. 6L). We thus speculated that the mu-
tation of glutamine (Q) to the small side-chain residue alanine (A) fa-
vored the passage of mannose. Conformational analyses of the three
sugar molecules revealed that the configuration of the second carbon
atom of D-mannose (S-configuration) differed greatly from those of the
other two sugar molecules (R-configuration; Fig. S3). The spatial dis-
tance and orientation of the b-mannose molecule with respect to residue
291 of Xltrlp were altered by the mutation, as shown (Fig. 7D). The
Q291A mutation was hypothesized to affect interactions of the sur-
rounding amino acids with the D-mannose molecule, as shown (Figs. 2E,
6L, and 7D), resulting in easier passage of molecules with a configura-
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tion corresponding to that of D-mannose. Prediction of transmembrane
helices revealed that residues N297, Q291, and Y301 are located in TM7.
These amino acid residues have been found to play an important role in
sugar transport, in agreement with previous reports [31,32].

4. Conclusions

The current study successfully identified four amino acid residues
(L174, N297, Q291, and Y301) that play key roles in the transport of
glucose, galactose, and mannose by Xltrlp. Computer-assisted screening
followed by experimental validation revealed a loss of hexose transport
capacity in Xltrlp mutants L174A and N297A, revealing an important
role for residues L174 and N297 in hexose transport by Xltrlp. The uti-
lization rate of D-mannose by strain Q291AX"P was 98 % higher than
that of WTXI'IP_ prompting speculation that the mannose transporter ca-
pacity of the Q291A variant was higher than that of WT Xltr1p, which is
expected to impact utilization of mixed carbon sources. The Y301W mu-
tant, compared to WT Xltrlp, retained glucose utilization capacity and
exhibited accelerated mannose utilization, but lost its capacity to utilize
galactose. This observation, in turn, is expected to permit improved se-
lectivity and specificity for glucose and galactose in S. cerevisiae strains
harboring the mutant transporter. The transporter modification strat-
egy employed in the current study can be exploited as a reference for
the protein engineering of specific hexose transporters.
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