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Abstract: Developing recombinant Saccharomyces cerevisiae strains capable of transporting and fermenting
cellobiose directly is a promising strategy for second-generation ethanol production from lignocellulosic
biomass. In this study we cloned and expressed in the CEN.PK2-1C strain an intracellular (3-glucosidase
(SpBGL?7) from Spathaspora passalidarum, and co-expressed the cellobiose transporter SiHXT2.4 from
Scheffersomyces illinoinensis, and two putative transporters from Candida tropicalis (CtCBT1) and Meyerozyma
guilliermondii (MgCBT2). While all three transporters allowed cell growth on cellobiose, only the MgCBT2
permease allowed cellobiose fermentation, although cellobiose consumption was stuck (incomplete). The
analysis of the 3-glucosidase and transport activities revealed that the cells stopped to consume cellobiose due
to a drop in the transport activity. Since ubiquitinylation of lysine residues at the N- or C-terminal domains of
the permease are involved in the endocytosis and degradation of sugar transporters, we constructed truncated
versions of the permease lacking lysine residues at the C-terminal domain (MgCBT2AC), and at both the C-
and N-terminal domain (MgCBT2ANAC), and co-expressed these permeases with the SpBGL7 3-glucosidase in
an industrial strain. While the strain harboring the MgCBT2AC transporter continued to produce stuck
cellobiose fermentations as the wild-type MgCBT2 permease, the strain with the MgCBT2ANAC permease was
able to consume and ferment all the cellobiose present in the medium. Thus, our results highlight the
importance of expressing cellobiose transporters lacking lysine at the N- and C-terminal domains for efficient
cellobiose fermentation by recombinant S. cerevisiae.

Keywords: cellobiose; transporter; [-glucosidase; Spathaspora passalidarum; Meyerozyma
guilliermondii; recombinant Saccharomyces cerevisiae

1. Introduction

The production and use of sustainable alternatives to fossil fuels has been growing for the last
few decades, and it will certainly become a necessity in the near future due to the environmental
impact of fossil fuels on the climate. Bioethanol is the primary liquid biofuel used in the USA and
Brazil, responsible for approx. 85% of the global production [1-3]. This so-called first-generation (1G)
bioethanol is made from food-based plant sugars from corn (starch) or sugarcane (sucrose). Although
accounting for approx. 1% of the global fuel ethanol production, second-generation (2G) bioethanol
is made from plant residues rich in lignocellulosic biomass [3-5]. This renewable biomass is

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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composed of cellulose (a linear polymer of 3-1,4 linked glucose molecules), hemicellulose (a branched
and highly heterogeneous polymer containing both hexoses and pentoses), and lignin. The
biochemical conversion of lignocellulosic biomass involves several steps, including pre-treatment,
enzymatic hydrolysis and fermentation, being the efficient conversion of all the sugars available a
major requirement for an economically feasible 2G bioethanol process [5-8].

An optimized enzyme blend (containing endoglucanases, exoglucanases, hemicellulases,
pectinases, [-glucosidases, xylanases, -xylosidases, laccases, etc.) is required for the efficient
conversion of cellulose and hemicellulose polymers into sugar syrups to be fermented by yeasts
[9,10]. To avoid cellobiose accumulation, a strong inhibitor of both cellobiohydrolases and
endoglucanases [11-14], enzyme blends usually contain high levels of 3-glucosidases, increasing 2G
bioethanol production costs. Thus, a solution for efficient conversion of lignocellulose to ethanol is
the use of microorganisms capable of efficient cellobiose fermentation. Many yeasts can secrete 3-
glucosidases, and cellobiose is hydrolyzed to glucose in the extracellular environment, followed by
glucose uptake and fermentation [15-18]. Other yeasts species have intracellular (3-glucosidases, and
thus cellobiose needs to be transported into the cell by cellodextrin permeases to allow its
fermentation [19-23]. Some few yeasts may even have both pathways, extracellular hydrolysis
besides transport and intracellular hydrolysis of cellobiose [24,25].

S. cerevisiae is a favored platform for microbial engineering efforts to produce biofuels from
cellulosic hydrolysates because of its industrial robustness and easy genetic manipulation, but it lacks
the capacity to ferment cellobiose. The uptake and intracellular hydrolysis of cellobiose, an abundant
mechanism for cellobiose utilization in filamentous fungi and also engineered in S. cerevisiae [26,27],
is an interesting strategy to avoid the production of glucose in the medium and thus the competition
between glucose and xylose for the HXT transporters of S. cerevisiae [28], which often considerable
delays xylose consumption and the fermentation process [29-33]. Furthermore, complete enzymatic
conversion of cellulose to glucose is problematic because high glucose concentrations inhibit both
cellulases and (-glucosidases [10-12]. The first report showing the successful expression in S.
cerevisiae of cellodextrin transporters and intracellular (3-glucosidase was with genes from the
cellulolytic fungi Neurospora crassa [26]. The authors expressed an intracellular p-glucosidase
(encoded by the ghl-1 gene) and two transporters (CDT-1 and CDT-2 genes) that transport cellobiose
and higher cellodextrins, as well as playing a critical role in hemicellulose sensing and utilization by
N. crassa, while CDT-2 seems to also transport xylobiose and longer xylodextrins [26,34-36]. Another
difference between these permeases is that CDT-1 is an active transporter, while CDT-2 seems to
transport cellobiose by facilitated diffusion, although both transporters were reported to have very
similar affinity to cellobiose [26,37].

There are dozens of other manuscripts reporting the use of the ghl-1 (3-glucosidase and CDT-1
and CDT-2 transporters for cellobiose fermentation by several recombinant yeast, and while other
fungal cellodextrin/xylodextrin permeases have been expressed in S. cerevisiae [38—42], unfortunately
these transporters were characterized just by growth assays, with little information regarding kinetics
of cellobiose transporters and their contribution to ethanol production during growth [27,43].
Regarding cellobiose transporters from yeasts, only two permeases (HXT2.4 from Sc. stipitis and
Ls120451 from Lipomyces starkeyi) have been shown to allow cellobiose fermentation by recombinant
S. cerevisiae when also expressing the ghl-1 p-glucosidase from N. crassa [44,45].

In the present work we have cloned an intracellular 3-glucosidase (SpBGL7) from the cellobiose
fermenting yeast Sp. passalidarum [46], and used a S. cerevisize laboratory strain CEN.PK2-1C
expressing this $-glucosidase to screen for cellobiose transporters from yeasts. The co-expression of
the cellobiose transporter SiHXT2.4 from Sc. illinoinensis, and two putative transporters from C.
tropicalis (CtCBT1) and M. guilliermondii (MgCBT?2), allowed growth on cellobiose by the recombinant
S. cerevisiae strains. However, only the MgCBT2 permease allowed cellobiose fermentation, although
the consumption of cellobiose was stuck (incomplete). Since the incomplete consumption of
cellobiose was the consequence of a drop in the transport activity by the cells, we analyzed this
transporter in relation to the presence of lysine residues in the N- or C-terminal domains with
potential for ubiquitinylation, and thus for being involved in downregulation of the transporter
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through endocytosis and vacuolar degradation [47,48]. The construction of a truncated version of the
transporter lacking lysine residues at both the C- and N-terminal domain (MgCBT2ANAC) allowed
efficient fermentation of all the cellobiose present in the medium by an industrial fuel-ethanol yeast
strain. The results obtained highlight the importance of removing lysine residues involved in
endocytosis to allow efficient expression of heterologous sugar transporters in S. cerevisiae.

2. Materials and Methods

2.1. Strains, Media and Growth Conditions

The yeast strains and plasmids used in this study are listed in Table 1. The Escherichia coli DH5c
strain (F'/ endAlhsdR17 (rK-mK+) glnV44 thi-1 recAl gyrA (Nalr) relA1A (lacZYA-argF) U169 deoR
®80dlac A(LacZ) M15) [49], was used for cloning and plasmid propagation, and was grown in Luria
broth containing 1% tryptone, 0.5% yeast extract, 0.5% sodium chloride, pH 7.0, and 100 mg/L
ampicillin when required (Sigma-Aldrich Brazil Ltda., Sao Paulo, SP, Brazil).

Table 1. Yeast strains and plasmids used in this study.

Strains and plasmids Relevant features or genotype Source

Yeast strains:

C. tropicalis UFMG-HB-93a Isolated from decaying sugarcane bagasse in Sao Paulo, Brazil [50]
M. guilliermondii NRRL Y- USDA-ARE
— Clinical isolate Culture
Collection
Sc. illinoinensis UFMG-CM- Isolated from rotting wood in Rio de Janeiro, Brazil [51]
Y512
Sp. passalidarum UFMG-CM- Isolated from rotting wood in Roraima, Brazil [52]
Y474
S. cerevisine CEN.PK2-1C MATa leu2-3,112 ura3-52 trp1-289 his3-A1 MAL2-8 SUC2 [53]
S. cerevisiae B7 CEN.PK2-1C + pGPD-424-SpBGL7 This work
S. cerevisiae B7-HXT2.4 CEN.PK2-1C + pGPD-424-SpBGL7 + pGPD-426-SsHXT2.4 This work
S. cerevisiae B7-CBT1 CEN.PK2-1C + pGPD-424-SpBGL7 + pGPD-426-CtCBT1 This work
S. cerevisiae B7-CBT2 CEN.PK2-1C + pGPD-424-SpBGL7 + pGPD-426-MgCBT2 This work
S. cerevisiae CAT-1 Industrial strain isolated from Usina VO Catanduva, Sao [54,55]
Paulo, Brazil
S. cerevisiae MP-C5H1 Isogenic to CAT-1, but AURI::pAUR-XKXDHXR loxP-KanMX- [56]
loxP-PapHi::[4- 59A]HXT1
S. cerevisiae MP-B7 Isogenic to MP-C5H1, but ARS208::Prer1-SpBGL7-Trcki This work
S. cerevisine MP-B7-CBT2 Isogenic to MP-B7, but ARS1309::Pror3-MgCBT2-Tcyc This work
S. cerevisine MP-B7-CBT2AC  Isogenic to MP-B7, but ARS1309::Pror3-MgCBT2AC-Tcyc This work
S. cerevisiae MP-B7- Isogenic to MP-B7, but ARS1309::Prons-MgCBT2ANAC-Tcya This work
CBT2ANAC
Plasmids:
pGPD-424 AmpR ori 2u TRP1 Prons-Teya ATCC® 87357™
[57]
pGPD-426 AmpR ori 20 URA3 Proms-Teyar ATCC® 87361™
[57]

pGPD-424-SpBGL7 AmpR ori 2u TRP1 Prons-SpBGL7-Tcyc This work
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pGPD-426-SsHXT2.4 AmpR ori 2u URA3 Prous-SsHXT2.4-Teya This work
pGPD-426-CtCBT1 AmpR ori 2u URA3 Prons-CtCBT1-Teya This work
pGPD-426-MgCBT2 AmpR ori 2u URA3 Prous-MgCBT2-Teyc This work
pGPD-426-MgCBT2AC AmpR ori 20 URA3 Prous-MgCBT2AC-Tevc This work
pGPD-426-MgCBT2ANAC AmpR ori 2u URA3 Pons-MgCBT2ANAC-Tcyc This work
pV1382 AmpR ori CEN ARS URA3 NATR Prer1-CaCas9-Tcyct Psnrs- [58]
SgRNA-Tsnrs2
pV1382-ARS1309 pV1382 Psnrs2-sgRNA(ARS1309)-Tsnrsz This work
pV1382-ARS208 pV1382 Psnrs2-sgRNA(ARS208)-Tsnrs2 This work
pMV AmpR ori (pBR322 derivative) BGI Group
pMV-SpBGL7 AmpR ori [5 ARS208-Preri-SpBGL2-Trcxi-3' ARS208] This work

Yeasts were grown in rich YP medium (1% yeast extract, 2% Bacto peptone, Sigma-Aldrich), or
in synthetic complete (YNB) medium (0.67% yeast nitrogen base without amino acids, supplemented
with 1.92 g/L of yeast synthetic Drop-out media without uracil, or 1.82 g/L without uracil and
tryptophan, Sigma-Aldrich), with 20 g/L glucose or cellobiose as carbon source. The pH of the
medium was adjusted to pH 5.0 with HCl, and when required, 2% Bacto agar (Sigma-Aldrich) or 0.1
g/L nourseothricin (cloNAT, WERNER BioAgents GmbH, Jena, Germany) were added to the
medium. The laboratory strains transformed with plasmids were pre-grown in YNB with glucose as
carbon source, and used to inoculate new YNB medium containing 20 g/L cellobiose with an initial
cell concentration of 0.1 optical density at 600 nm (Asonm), measured with a Cary 60 UV-VIS
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Growth was performed
aerobically in cotton plugged Erlenmeyer flasks filled to 1/5 of the volume with medium at 28°C with
160 rpm orbital shaking. Cellular growth was followed by absorbance measurements at 600 nm
(Asoonm). For batch fermentations, cells were collected in the exponential phase of growth, centrifuged
at 6,000 g for 5 min at 4°C, and washed twice with sterile water, and inoculated at a high cell density
(~10 g dry cell weight/L) into a 25 mL flask containing 20 mL of rich YP medium containing 20 g/L
cellobiose at 30°C, with shaking at 100 rpm. For the industrial strains, fermentations were also
performed in rich YP medium containing 20 g/L glucose or cellobiose, or 20 g/L cellobiose plus 20 g/L
xylose. Culture samples were harvested regularly, centrifuged (5,000 g, 1 min at 4°C), and
supernatants used for the quantification of substrates and fermentation products.

2.2. Molecular Biology Techniques

Standard procedures for DNA manipulation and analysis, as well as bacterial and yeast
transformation, were employed [59,60]. Purification of plasmids, PCR products or Gibson Assembly
products was performed using the QIAquick PCR Purification Kit (QIAGEN Antwerp, Belgium). The
genomic DNA from the yeast strains was purified using a YeaStar Genomic DNA kit (Zymo Research,
Irvine, CA, USA). For plasmid extraction, we used the manual mini-prep method [60], or using the
commercial QIAprep Spin Miniprep Kit (QIAGEN). DNA fragments for cloning, sequencing, or
transformations were PCR-amplified using Phusion High-Fidelity (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) or PrimeSTAR® GXL DNA polymerases (Takara Bio Europe SAS, Saint-
Germain-en-Laye, France). Purified plasmids, products of Gibson Assembly, or cells lysed by
incubation at 100°C in 20 mM NaOH for 10 min (colony PCR) served as DNA templates.

Based on the genome of C. tropicalis and M. guilliermondii [61], Sc. stipitis [62] and Sp. passalidarum
[63], primers were designed (Table 2) to amplify genes encoding a [3-glucosidase from Sp. passalidarum
(SpBGL7, NCBI Gene ID: 18871961, primers SpBGL7-F and SpBGL7-R), the cellobiose transporters
HXT?2.4 from Sc. illinoinensis (the HXT2.4 gene from Sc. stipitis has NCBI Gene ID: 4850978, primers
HXT2.4-F and HXT2.4-R), CtCBT1 from C. tropicalis (NCBI Gene ID: 8298855, primers CtCBT1-F and
CtCBT1-R), and MgCBT2 from M. guilliermondii (NCBI Gene ID: 5129179, primers MgCBT2-F and
MgCBT2-R), introducing restriction sites (for BamHI, EcoRI, Hindlll, Sall or Xhol enzymes) for cloning
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into multicopy shuttle vectors containing strong and constitutive promoters and terminators (pGPD-
424 and pGPD-426, Table 1) as well as the TRP1 and URA3 genes used as selective marker.

Table 2. Primers used in this study.

Primer! Sequence ?
Cloning:
SpBGL7-F GAATTCATGACCGTGTCTGATTTCGATGTTG
SpBGL7-R CTCGAGCTAATTACCTTTCCAGAAGAAACTTTGATC
HXT2.4-F GGCGGATCCAAAATGTCTGACAAACTTCACAACATCAAG
HXT2.4-R GGCCTCGAGGTCGACATAATCAGGTATAATTTATTGACTAAAGCTTAG
CtCBT1-F GGCGAATTCAAAATGTCATCCAAAGATAATATCATCATCACTGAAG
CtCBT1-R GGCCTCGAGGTCGACCTAGGCCAATTTTTCAACGTGATCAACC
MgCBT2-F GGCGGATCCATGGTTTCCAATTCGTCTTCATACTGG
MgCBT2-R GGCAAGCTTTCATACTTTTTCAGCATGTTCAAGCG
MgCBT2AC-F CATGGATCCATGGGTTTCCATTCGTCTTC
MgCBT2AC-R TGAAAGCTTTCACGGAGTGGCAAGAATATGGA
MgCBT2ANAC-F CATGGATCCATGCACCAGGATATCGCTACTCA
CRISPR-Cas9:
sgRNA.ARS1309-F 5P-GATCGCCTGTGGTGACTACGTATCCG
sgRNA.ARS1309-R 5P-AAAACGGATACGTAGTCACCACAGGC
sgRNA.ARS208-F 5P-GATCGGTCCGCTAAACAAAAGATCTG
sgRNA.ARS208-R 5P-AAAACAGATCTTTTGTTTAGCGGACC
ARS208-F CCGCAGTGTCTTGCGTCTCTGATCTTACCTGGTGAATTGG
ARS208-R TTGGCAGTGACTCCGTCTCTAGTAGGTGCCAGTTGAATAG
Sequencing:
seq.p1382.sgRNA-F GCTGTAGAAGTGAAAGTTGG
seq.p1382.sgRNA-R CAAGTTGATAACGGACTAGC

1 All primers were synthesised by Integrated DNA Technologies (IDT, Coralville, IA, USA). 2Bold sequences
indicate restriction enzyme sites (BamHI, EcoRI, Hindlll, Sall or Xhol) used for cloning.

To clone and overexpress modified versions of the MgCBT2 transporter, we amplified the
MgCBT2 gene from the pGPD-426-MgCBT2 plasmid (Table 1) using specific primer pairs:
MgCBT2AC-F and MgCBT2AC-R (Table 2) for generating a version of the gene that encodes a
truncated permease in the C-terminal region (pGPD-426-MgCBT2AC plasmid, Table 1), and
MgCBT2ANAC-F and MgCBT2AC-R (Table 2) for generating a version that encodes a truncated
permease in both N- and C-terminal regions (pGPD-426-MgCBT2ANAC plasmid, Table 1). These
primers ensured the retention of the ATG codon for the initial methionine and the TGA stop codon
for protein synthesis termination. The gene encoding the transporter truncated in the C-terminal
lacked base pairs 4 to 60, resulting in a protein lacking the first 19 amino acid residues after the initial
methionine. The gene encoding the transporter truncated in both N- and C-terminal regions, in
addition to having the same modification described above, also lacked the last 36 coding base pairs,
resulting in a protein lacking the last 12 amino acid residues in addition to the first 19 after the initial
methionine.

The pV1382 plasmid (Table 1) served as the platform for expressing the CRISPR-Cas9 system in
S. cerevisiae [58]. The ARS208 and ARS1309 loci were chosen for integrating the overexpression
modules of the SpBGL7 and MgCBT?2 genes, respectively, based on the research by Reider Apel and
colleagues [64]. After sequencing both regions of interest in the MP-C5H1 strain genome (Table 1),
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we identified 20 bp segments to serve as the crRNA recognition sites. These segments were required
to be followed by a protospacer adjacent motif (PAM) sequence recognized by the CRISPR-Cas9
system ("NGG" in this case). For the ARS208 site, the selected sequence was
"GTCCGCTAAACAAAAGATCT", followed by the PAM sequence "TGG", located approximately
325 base pairs upstream of the ARS208 locus. For the ARS1309 site, the chosen sequence was
"CCTGTGGTGACTACGTATCC", followed by the PAM sequence "AGG'", situated approximately
180 base pairs upstream of the ARS1309 locus.

Each DNA fragment responsible for crRNA transcription, specific to the sequences mentioned
above, was cloned into pV1382 as described [58]. The vector pV1382 was treated with enzyme BsmBI
(New England Biolabs, Leiden, The Netherlands), and the 5' ends of each DNA strand of the
linearized plasmid were dephosphorylated using alkaline phosphatase (Quick CIP, New England
Biolabs), followed by purification. The digested plasmid and the specific pair of oligonucleotides
(sgRNA.ARS1309-F and sgRNA.ARS1309-R, Table 2) to target the CRISPR-Cas9 system to the
ARS1309 locus, and sgRNA.ARS208-F and sgRNA.ARS208-R primers (Table 2) for the ARS208 locus,
were incubated at 15°C for 16 hours in the presence of T4 DNA ligase (Thermo Fisher). The resulting
plasmids were sequenced using the seq.p1382.sgRNA-F and seq.p1382.sgRNA-R primers (Table 2)
to verify the correct insertion of the DNA fragments, yielding plasmids pV1382-ARS1309 and
pV1382-ARS208 (Table 1).

To assemble the PCR-amplified DNA fragments for constructing the repair and gene
overexpression modules, we utilized Gibson Assembly® with the NEBuilder® HiFi DNA Assembly
kit (New England Biolabs). Each PCR reaction employed a pair of primers (primer sequences can be
provided upon request) designed with at least 20 base pairs at the 3' end that anneal to the beginning
or end of the intended amplification region, and at least 20 nucleotides at the 5' end identical to the
adjacent end of the DNA portion in the other DNA molecule intended for joining. For constructing
the repair fragment for inserting the gene encoding each version of the M¢CBT?2 transporter, three
initial fragments were joined: (I) a 515 bp DNA fragment identical to the region upstream of the
cleavage site of the ARS51309 locus (5’ARS1309, obtained via colony PCR from the industrial strain
MP-C5H1, Table 1); (II) a DNA fragment containing the Prons promoter, the desired MgCBT?2 version,
and the Tcvar terminator (obtained via PCR using pGPD-426-MgCBT2, pGPD-426-MgCBT2AC, or
pGPD-426-MgCBT2ANAC plasmids as templates, Table 1); and (III) a 624 bp DNA fragment identical
to the region downstream of the cleavage site of the ARS1309 locus (3’ ARS1309, obtained via colony
PCR from the industrial strain MP-C5H1).

For constructing the repair fragment containing the SpBGL7 overexpression module, circular
construction was chosen due to the low efficiency of Gibson Assembly in forming linear molecules
from more than three distinct fragments. Circularization was achieved using the pMV vector (Table
1). The repair fragment was constructed by joining five distinct initial fragments: (I) a 695 bp DNA
fragment identical to the region upstream of the cleavage site of the ARS208 locus (5’ARS208,
obtained via colony PCR from strain MP-C5H1); (II) a DNA fragment containing 608 bp immediately
upstream of the coding region of the TEF1 gene, corresponding to its promoter region (Prer1, obtained
via colony PCR from strain MP-C5H1); (III) a DNA fragment containing the SpBGL7 gene (obtained
via PCR using pGPD-424-SpBGL2 plasmid as template); (IV) a DNA fragment containing the 428 bp
immediately downstream of the coding region of the PGK1 gene, corresponding to its terminator
region (Trcki, obtained via colony PCR from strain MP-C5H1); and (V) a 742 bp DNA fragment
identical to the region downstream of the cleavage site of the ARS208 locus (3’ ARS208, obtained via
colony PCR from strain MP-C5H1). We changed the constitutive promoter (Prer1) and terminator
(Trck1) controlling the SpBGL7 gene to avoid any chromosomal instability with the promoter (Prors)
and terminator (Tcyci) used for the MgCBT2 permeases. Each purified PCR fragment was incubated
at 50°C for 60 minutes in the presence of NEBuilder® HiFi DNA Assembly reagent. After incubation,
the resulting plasmid (pMV-SpBGL7, Table 1) was transformed into E. coli DH5ax.

For the insertion of the SpBGL7 repair/overexpression module into the genome of the MP-C5H1
strain, transformations were performed using 300 ng of the purified pV1382-ARS208 plasmid and 10
pg of the repair/overexpression module amplified using primers ARS208-F and ARS208-R (Table 2)
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and the pMV-SpBGL7 plasmid as template (Table 1). Transformants were selected in YP-20 g/L
glucose plates containing 0.1 g/L nourseothricin. Flipout of the pV1382-ARS208 plasmid was
performed by overnight growth (twice) in nonselective liquid YP-20 g/L glucose medium. Drug-
sensitive colonies, which had lost the plasmid, were identified by plating for single colonies on
nonselective media and subsequent identification by replica plating to selective media. The correct
insertion of the SpBGL7 module at ARS208 in the MP-B7 strain (Table 1) was confirmed by
sequencing. The same concentrations of the pV1382-ARS1309 plasmid and the repair/overexpression
modules containing the different MgCBT?2 transporters (MgCB12, MgCBT2AC or MgCBT2ANAC),
produced by Gibson Assembly, were used to transform strain MP-B7, yielding strains MP-B7-CBT2,
MP-B7-CBT2AC and MP-B7-CBT2ANAGC, respectively (Table 1). All insertions at the ARS1309 locus
were confirmed by sequencing.

2.3. Enzymatic and Transport Activity Assays

The hydrolysis of p-nitrophenyl-B-D-glucopyranoside (pNPBG), cellobiose, or p-nitrophenyl-{3-
D-xylopyranoside (pPNPBX) was determined using permeabilized yeast cells [65]. Approximately 50
uL of permeabilized cell suspension (at concentrations ranging from approximately 0.1 to 0.4 g/L)
were added to 450 uL of 100 mM MOPS-NaOH, pH 6.8 buffer containing the desired amount of
substrate, and incubated at 30°C for 10 minutes. The reaction was stopped by placing the tubes at
100°C for 3 minutes. Pre-boiled cells for 3 minutes were used as controls. We used final concentrations
ranging from 0.05 to 10 mM of pNPBG and pNPBX, or 1 to 80 mM cellobiose as substrates. After the
reaction, cells were centrifuged at 2600x g for 5 minutes, and the supernatant from assays using
pNPBG and pNPBX were used to determine the enzymatic activity by measuring the concentration
of p-nitrophenol released by substrate hydrolysis, at an absorbance of 400 nm. To determine
cellobiose hydrolysis, the supernatant from the assays was used to measure the concentration of
glucose formed using a commercial glucose oxidase-peroxidase kit (Glicose Pap Liquiform Labtest,
Centerlab, Belo Horizonte, MG, Brazil). Activities are expressed as nmol of p-nitrophenol or glucose
produced by (mg dry cell weight)! min?. The values of Km and Vmax were determined through
nonlinear regression applied to the Michaelis-Menten kinetic model using the GraphPad Prism v. 8.0
software (GraphPad Software, Boston, MA, USA).

The transport assays followed a colorimetric method originally developed for determination of
o-glucoside (p-nitrophenyl-a-D-glucopyranoside) transport by yeast maltose permeases [66]. Cells
were harvested from liquid culture, washed twice with chilled (4°C) sterile distilled water, and
resuspended in 50 mM succinate-Tris pH 5.0 buffer to achieve a cell concentration of approximately
30 g/L. Aliquots of 50 pL of this cell suspension were transferred to Eppendorf tubes, and a volume
of 50 puL of 10 mM pNPBG or pNPPX in the same buffer was added. The cells were incubated at 30°C
for 10 minutes, during which the internalized substrate underwent hydrolysis due to the activity of
the intracellular (3-glucosidase. The reaction was stopped by incubating the tubes at 100°C for 3
minutes. Subsequently, 200 uL of 2 M NaHCO: was added. Pre-boiled cells for 3 minutes were used
as negative controls. Cells were centrifuged at 2600x g for 5 minutes, and the supernatant was used
to determine the concentration of p-nitrophenol produced, measured by absorbance at 400 nm. The
transport activities are expressed as nmol of pPNPBG or pNPBX transported (p-nitrophenol produced)
by (mg dry cell weight)! min.

2.4. Analytical Methods

Cellobiose and xylose substrates, and ethanol, xylitol, and glycerol products in medium samples
were quantified by high performance liquid chromatography (Prominence HPLC system) equipped
with a RID-20A refractive index detector (Shimadzu Co., Tokyo, Japan) using an Aminex HPX-87H
column (Bio-Rad Laboratories, Hercules, CA, USA). The HPLC apparatus was operated at 50°C using
5 mM H250s as mobile phase at a flow rate of 0.6 mL/min, and 10 pL injection volume.

2.5. Prediction of Lysine Residues in MgCBT2 Transporter with Ubiquitinylation Potential
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To predict potential transmembrane domains (TMs) of the MgCBT2 transporter (NCBI GenBank
ID: PP826654.1), we used PRALINE with the PSIPRED and HMMTOP methods [67]. The lysine
residues with ubiquitinylation potential in the N- and C-terminal domains of the permease were
determined with the BDM-PUB [68] and UbPred programs [69].

3. Results

3.1. Cloning and Expression of an Intracellular Yeast f-Glucosidase in S. cerevisiae

Initially we used the amino acid sequence of the intracellular 3—-glucosidase encoded by the ghl-
1 gene from N. crassa [26] to search for putative f—glucosidases from yeasts, but our analysis did not
revealed a gene with significant identity. However, using the sequence of the (3-glucosidase from the
cellulolytic fungi Thielavia terrestris (TtBG gene, NCBI Gene ID: 11519932 [27]), revealed two genes
with 33% (annotated as SpBGL2) and 29% (SpBGL7) of identity in the genome of the cellobiose-
fermenting yeast Sp. passalidarum [46,63]. Attempts to clone the SpBGL2 gene from the Sp. passalidarum
UFMG-CM-Y474 strain (Table 1) failed, but we succeeded in cloning the SpBGL7 3-glucosidase into
the pGPD-424 plasmid (Table 1). When the pGPD-424-SpBGL7 plasmid was transformed into strain
CEN.PK2-1C, the obtained strain (B7) could not use or grow on cellobiose (Figure 1), but we could
clearly detect a intracellular $-glucosidase activity when we used permeabilized yeast cells, with a
K of 18.2 £3.9 mM and Vmax of 1,188 + 85 nmol mg! min with cellobiose, and higher affinity (Km of
0.8 + 0.2 mM and Vmax of 5,368 + 199 nmol mg!' min?) with pNPBG. This enzyme had also hydrolytic
activity with pNPBX (a synthetic analog of xylobiose), with a Km of 1.0 £ 0.5 mM and Vmax of 1,088 *+
175 nmol mg! min-.

A B
154 -@ B7-CBT1 20
& B7-CBT2 -
A B7-HXT2.4 o 15
10 o
E -¥ B7 @ %
(=4 -5
3 o
< 5
5 K]
8
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0 50 100 150 0 50 100 150
Time (h) Time (h)

Figure 1. Cell growth (A) and cellobiose consumption (B) in YNB medium containing 20 g/L
cellobiose by the indicated yeast strains harboring the intracellular SpBGL7 [3-glucosidase (strain B7),
or this strain also transformed with the pGPD-426 plasmids containing the genes (CtCBT1, MgCBT2
and SiHXT?2.4) encoding sugar transporters.

3.2. Cloning and Expression of Yeast Sugar (Cellobiose) Transporters in S. cerevisiae

The S. cerevisiae strain B7, having high intracellular (3-glucosidase activity but unable to grow on
cellobiose, was used as platform to identifiy putative sugar transporters capable of mediating the
uptake of cellobiose. First, and taking into account the close relationship between Sc. stipitis and Sc.
illinoinensis [70], we used the genomic information of Sc. stipitis [63] to design primers and amplify
the corresponding HXT2.4 cellobiose transporter [44] from Sc. illinoinensis. Primers HXT2.4-F and
HXT2.4-R (Table 2) allowed the amplification of a 1.7-1.8 Kb DNA fragment from the genome of Sc.
illinoinensis, which was cloned into the pGPD-426 plasmid (Table 1). We also used the amino acid
sequence of the CDT-2 cellobiose transporter from N. crassa [26,34,36,37] to search for yeast putative
cellobiose transporters, and found two sequences, one with 28% identity with CDT-2 present in the
genome of the yeast C. tropicalis (and thus named CtCBT1), and another sequence with 27% identity
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in the genome of M. guilliermondii (named as MgCBT2). Using specific primers for these genes (Table
2), these putative cellobiose transporters were cloned into the pGPD-426 plasmid (Table 1). As can be
seen in Figure 1, the co-expression in S. cerevisiae of the intracellular SpBGL7 [3-glucosidase together
with any of the three transporters (SiHXT2.4, CtCBT1 and MgCBT2) allowed cell growth on
cellobiose, although cellobiose consumption and cell growth was lower in the strain expressing the
SiHXT2.4 permease.

We next tested the capacity of these laboratory yeast strains to ferment cellobiose under
microaerobic conditions (Figure 2). While the strain harboring the SiHXT2.4 permease consumed
small amounts of cellobiose, and could not produce any ethanol, the strain with the CtCBT1
transporter also consumed very small amounts of cellobiose, and produced less than 1.5 g/L of
ethanol from the sugar. The best results regarding cellobiose fermentation were with the strain
expressing the SpBGL7 (3-glucosidase together with the MgCBT2 permease, which consumed more
than 16 g/L of cellobiose and produced almost 8 g/L of ethanol, although the fermentation was stuck
(incomplete).

>
w

254 107 -e B7-CBTI
<20 g = B7-CBT2
= g - B7-HXT24
= 15+ 2 6
b =
=} [<
2 | c 4
510 s 4
8 5 w 24

0+ e A 0

0 50 100 0 50 100
Time (h) Time (h)

Figure 2. Cellobiose consumption (A) and ethanol production (B) during fermentation of 20 g/L
cellobiose in rich YP medium by 10 g dry cell weight/L of the indicated yeast strains harboring the
SpBGL7 -glucosidase and the genes CtCBT1, MgCBT2 and SiHXT2.4 encoding sugar transporters.

In order to better understand the reason for the cellobiose stuck fermentation by strain B7-CBT2
(pGPD-424-SpBGL7 + pGPD-426-MgCBT2, Table 1), we initially used pNPG, a synthetic analog of
cellobiose, in a colorimetric assay to determine the transport activity of the MgCBT2 permease, as
already described for the maltose permeases of S. cerevisiae [66]. After growth on cellobiose the B7-
CBT2 strain was capable to transport 7.4 + 1.6 nmol of pPNPBG mg! min-'. The B7-CBT2 cells were also
capable to transport pNPBX (3.3 + 0.1 nmol mg' min?), indicating that the MgCBT2 permease
probably also transports xylobiose. Figure 3 shows the intracellular (-glucosidase activity
(determined with pNPBG), as well as the pNPBG transport activity (both activities were determined
with 5 mM of substrate), during the stuck cellobiose fermentation by strain B7-CBT2.
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Figure 3. Cellobiose consumption and ethanol production (A), and pNPBG intracellular hydrolysis
and transport activities (B) by strain B7-CBT2 during fermentation of 20 g/L cellobiose in rich YP
medium.

It is evident in Figure 3B that the intracellular f—glucosidase activity remained high along all the
fermentation period, while the transport activity was higher only in the first 36 h of the fermentation
(at the time in which cellobiose was rapidly consumed and fermented, Figure 3A), and from 48 h on
the transport activity dropped, and was accompanied by a significant drop in cellobiose consumption
by the cells. Thus, our results indicate that the stuck cellobiose consumption is a consequence of a
drop in the transport activity, and not in the intracellular hydrolysis of the disaccharide. Since a
possible explanation for the drop in the transport activity is the well-known post-transcriptional
mechanism of down-regulation of yeast sugar permeases, involving ubiquitinylation, endocytosis
and vacuolar degradation [71], we next identified lysine residues (the site of ubiquitinylation) in the
N- and C-terminal domains of the MgCBT?2 transporter, in order to develop strategies to avoid this
drop in transport activity causing cellobiose stuck fermentations.

3.3. Identification of Possible Lysine Residues Involved in Ubiquitinylation and Down-Regulation of the
MgCBT?2 Cellobiose Transporter Expressed in S. cerevisiae

Our data indicated that the best cellobiose transporter from yeasts that we cloned was MgCBT?2
from M. guilliermondii, but it still could not allow the use and fermentation of all cellobiose (stuck
fermentation) present in the medium. The analysis of the presence of lysine residues (K) with
ubiquitinylation potential at the cytoplasmic C-terminal domain of the MgCBT2 transporter revealed
3 lysine residues (K534, K536 and K544) with high ubiquitinylation potential present in the last 12
amino acids of the transporter (Figure 4), while at the cytoplasmic N-terminal domain only 2 lysine
residues (K10 and K20) were found with medium ubiquitinylation potential (Figure 4).

A

MgCBTZ2 MVSNSSSYWEMTDSNSSIEKQQVITTQESGIDVINHLEIDDHS. .
MgCBT2AC MVSNSSSYWKMTDSNSSIEKQQVITTQESGIDVTNHLEIDDHS. .
MgCBT2ANAC MOOVITTQESGIDVTNHLEIDDHS. .
B

MgCBTZ2 . .FFPETSGYTLEEVAKVFGDDPDTTIHILATPKEKLSLEHAEKV
MgCBT2AC . .FFPETSGYTLEEVAKVFGDDPDTTIHILATP

MgCBT2ANAC . .FFPETSGYTLEEVAKVFGDDPDTTIHILATP


https://doi.org/10.20944/preprints202408.1444.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024 doi:10.20944/preprints202408.1444.v1

11

Figure 4. Sequence alignment of the cytoplasmic N-terminal first 43 amino acids (A) and the
cytoplasmic C-terminal last 43 amino acids of the protein, after the last transmembrane domain (B),
deduced from the MgCBT2 gene, and the truncated versions of MgCBT2 at the C-terminal domain
(MgCBT2AC), or at both the N- and C-terminal domains (MgCBT2ANAC). The lysine residues with
medium (blue) or high (red) ubiquitinylation potential were determined with the BDM-PUB [68] and
UbPred programs [69].

Considering that lysine residues with ubiquitinylation potential are involved in removing the
transporters from the plasma membrane through endocytosis [71,72], we decided to remove these
terminal lysine residues by simply truncating the MgCBT2 permease. We removed the last 12 amino
acid residues of the protein (with 3 lysine residues with high ubiquitinylation potential) by
introducing a premature stop codon during cloning as described in Materials and Methods, and this
modified transporter was denominated MgCBT2AC (Figure 4). Another truncated version of MgCBT2
was produced were we not only removed the last 12 amino acid residues, but also the first 19 amino
acid residues of the protein (after the initial methionine), producing the MgCBT2ANAC transporter
lacking all lysine residues with ubiquitinylation potential from both the N- and C-terminal domains
(Figure 4).

These cellobiose transporters (MgCBT2, MgCBT2AC, and MgCBT2ANAC), as well as the
intracellular SpBGL7 {3-glucosidase, were introduced into the genome of an industrial S. cerevisiae
strain (MP-C5H1) capable of fermenting xylose, using CRISPR-Cas9 as described in Materials and
Methods. As can be seen in Figure 5, while the strain harboring the MgCBT2AC transporter continued
to produce stuck cellobiose fermentations as the strain with the wild-type MgCBT2 permease, the
strain with the MgCBT2ANAC permease was able to consume and ferment all the cellobiose present
in the medium, producing higher levels of ethanol. However, is important to note that although this
yeast strain with MgCBT2ANAC consumes all the sugar, the ethanol yield (Yps = 0.38 + 0.01 g of
ethanol/g of consumed cellobiose) is very similar to the one obtained with the strain harboring the
truncated MgCBT2AC transporter (Yps=0.39 +0.01 g of ethanol/g of consumed cellobiose), and lower
when compared with the wild-type MgCBT2 permease (Yps = 0.47 + 0.02 g of ethanol/g of consumed
cellobiose).

Finally, since direct cellobiose transport and intracellular hydrolysis by recombinant S. cerevisiae
is interesting in the context of cellobiose-xylose co-fermentations [29-31], we performed such
fermentations with the industrial xylose-fermenting strain MP-C5H1 harboring the MgCBT2ANAC
transporter and SpBGL7 [B-glucosidase (strain MP-B7-CBT2ANAC, Table 1). As can be seen in Figure
6, xylose is indeed totally consumed and fermented in the first 24 h, and although cellobiose is also
consumed during that period, it is consumed very slowly after that time point (thus a stuck cellobiose
fermentation), even considering that the strain harbors the MgCBT2ANAC transporter lacking lysine
residues in both the N- and C-terminal domains. While cellobiose is consumed slowly, also the xylitol
produced from xylose fermentation also drops, thus both are probably contributing to the slight
increase in ethanol produced (from 7.5 to 8.9 g/L) by the cells during the slow fermentation.
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Figure 5. Cellobiose consumption (A) and ethanol production (B) during fermentation of 20 g/L
cellobiose in rich YP medium by the indicated industrial yeast strains harboring the intracellular
SpBGL7 -glucosidase and the MgCBT2, MgCBT2AC, and MgCBT2ANAC cellobiose transporters.
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Figure 6. Co-fermentation of 20 g/L cellobiose plus 20 g/L xylose in rich YP medium by the
recombinant industrial yeast strain MP-B7-CBT2ANAC harboring the intracellular SpBGL7
B-glucosidase and the MgCBT2ANAC cellobiose transporter.

4. Discussion

We have cloned an intracellular B-glucosidase gene (SpBGL7) from the cellobiose fermenting
yeast Sp. passalidarum [46], and expressed it in S. cerevisiaze. While the 3-glucosidase ghl-1 from N.
crassa belongs to the GH1 family of glycosyl hydrolases, the cloned enzyme belongs to the GH3
family, where are found not only {3-glucosidases, but also [3-xylosidases and other enzymes. The
SpBGL7 enzyme had higher affinity with pPNPPRG and pNPBX, and lower affinity with cellobiose, as
already reported for other 3-glucosidases characterized biochemically from yeasts [73,74]. Using the
S. cerevisiae strain expressing the SpBGL7 enzyme allowed the identification and cloning of 3 yeast
cellobiose transporters that permitted growth of the strain in the presence of cellobiose. Figure 7
shows that the 3 transporters (we included the HXT2.4 permease from Sc. stipitis [44], although the
transporter we cloned was from Sc. illinoinensis) it is close to the known yeast cellobiose transporters,
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including the one cloned from L. starkeyi [45] and a cellobiose transporter CEL1 from Kluyveromyces
dobzhanskii (that allows growth of S. cerevisiae on cellobiose, but no fermentation data is available) [75]. Note
that in general Kluyveromyces yeasts can utilize cellobiose through the lactose permease encoded by LACI2.

The cloned transporters are also closer to CDT-2 from N. crassa, and other transporters known to transport
cellodextrins and xylobiose.

%
AO
-~
2

CItA As
ST17 14

LAC12-2 Km

Figure 7. Phylogenetic classification of cellobiose transporters from various yeast and fungal hosts.
The phylogenetic tree contains 24 transporter sequences, and the numbers at the nodes represent
percentage bootstrap values based on 1500 samplings. The abbreviation of each species is added after
the name of the transporter genes: As = Aspergillus nidulans, Tt = Thielavia terrestris, Af = Aspergillus
flavus, Pp = Postia placenta, Nc = Neurospora crassa, Fg = Fusarium graminearum, Ls = Lipomyces starkeyi,
Kd = Kluyveromyces dobzhanskii, Ss = Scheffersomyces stipitis, Ct = Candida tropicalis, Mg = Meyerozyma
guilliermondii, Km = Kluyveromyces marxianus, Kw = Kluyveromyces wickerhamii, Ka = Kluyveromyces
aestuarii, Kl = Kluyveromyces lactis, Po = Penicillium oxalicum, An = Aspergillus niger, Tr = Trichoderma
reesei, and Pc = Penicillium chrysogenum.

Although the 3 transporters allowed growth on cellobiose by the recombinant S. cerevisige strain,
only the MgCBT2 permease from M. guilliermondii allowed cellobiose fermentation, but the
consumption of the sugar stopped after 50-75 h, leading to a stuck (incomplete) fermentation. Our
analysis revealed that the reduced transport activity over time was responsible for this stuck
fermentation, and that prompted us to look for lysine residues in the N- or C-terminal cytoplasmic
domains of the MgCBT2 transporter that could be ubiquitinylated, a signal that triggers the
endocytosis and vacuolar degradation of plasma membrane transporters. Indeed, some years ago Sen
and co-workers [76] showed that S. cerevisiae cells expressing the CDT-2 cellobiose transporter also
produced stuck cellobiose fermentations, and that cellobiose transport triggers the internalization of
the permease, and they were able to identify that four a-arrestins (ROD1, ROG3, ALY1, and ALY?2)
are primarily responsible for this ubiquitinylation and internalization of the CDT-2 transporter. We
have also shown that other heterologous sugar transporters expressed in S. cerevisine are removed
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from the plasma membrane through action of the ROD1 and ROG3 o-arrestins [77]. In another
approach, mutated versions of the CDT-2 permease were engineered changing cytoplasmic lysine
residues into arginine, and revealed that lysine residues in the C-terminal domain were responsible
for the o-arrestin mediated internalization of the transporter. A truncated C-terminal CDT-2
transporter (losing the last lysine, K522) was also shown to remain stable at the plasma membrane,
and either the mutant CDT-2 permease lacking lysine residues at the C-terminal domain, or the same
transporter truncated at this C-terminal domain, showed improved cellobiose consumption and
fermentation [76]. Truncation at the C-terminal domain of other sugar transporters is an interesting
strategy that allows stable expression of the permeases at the plasma membrane, allowing better
sugar consumption and fermentation [77-79]. However, for other permeases (e.g. HXT1, GAL2) the
lysine residues involved in ubiquitinylation and endocytosis can be present at the N-terminal domain
[80,81]. For example, the HXT1 hexose transporter from S. cerevisiae lacking practically all the N-
terminal domain is stable and functional at the plasma membrane, allowing efficient xylose
fermentation by recombinant S. cerevisiae cells [56,81-83].

In the case of the MgCBT?2 transporter, we found 3 lysine residues at the C-terminal domain with
high ubiquitinylation potential, and two others (with medium ubiquitinylation potential) at the N-
terminal domain. Truncation of the MgCBT2 permease at the C-terminal domain did not improved
cellobiose consumption, when the transporter was expressed in an industrial S. cerevisiae strain
(Figure 5), but when both cytoplasmic terminal domains were truncated (removing the first 19 amino
acids, and the last 12 amino acids), the MgCBT2ANAC transporter allowed total cellobiose
consumption and fermentation by the recombinant yeast cells. However, during co-fermentation of
cellobiose with xylose, the cells expressing the MgCBT2ANAC transporter could not consume all the
cellobiose present in the medium after the total consumption and fermentation of xylose, indicating
that probably other factors are impairing the activity of the MgCBT2ANAC permease, or the
intracellular metabolism of cellobiose. One such factor could be the ethanol produced during
fermentation, as many nutrient transporters are sensitive to high ethanol concentrations [84,85].
Indeed, when we performed a co-fermentation of 20 g/L sucrose plus 20 g/L cellobiose by the
industrial yeast strain harboring the MgCBT2ANAC transporter, sucrose was efficiently fermented in
24 h, producing 10 g/L ethanol, and although some cellobiose was consumed initially, from that time
point on, cellobiose was consumed very slowly, producing a stuck fermentation.

In general cellobiose fermentation by recombinant S. cerevisiae yeasts is much more slower than
the fermentation of other sugar (e.g. glucose), with also lower ethanol yields [26,27]. Thus, several
other strategies have been employed to increase cellobiose consumption and fermentation, including
mutagenesis, direct evolution/selection (also called evolutionary engineering) [44,86-90], as well as
increasing the copy number of transporter or f—glucosidase genes [91,92]. Our results show that the
identification of cytoplasmatic lysine residues in the N- or C-terminal domain capable of
ubiquitinylation, and removing such residues by truncating the transporter, is another interesting
strategy for enhancing cellobiose consumption and fermentation. Another issue that needs to be
considered is the fact that cellobiose is not recognized by S. cerevisiae as a sugar to be fermented [93],
and thus it is also required to introduce/engineer transcriptional factors to increase cellobiose
fermentation by this industrial yeast [94,95]. Another strategy recently described to increase
cellobiose fermentation is the deletion of the mitochondrial adenylate kinase encoded by the ADK2
gene, or the deletion of the MRX1 gene involved in the response to oxidative stress that was shown
to increase cellobiose (and xylose) fermentation by recombinant S. cerevisiae [96,97]. It would be
interesting to verify if some of these strategies would enhance cellobiose fermentation by an
industrial S. cerevisiae expressing the intracellular (3-glucosidase encoded by the SpyBGL7 gene and the
MgCBT2ANAC cellobiose transporter.

5. Conclusions

In the present work we have cloned an intracellular (3-glucosidase encoded by the SpBGL7 gene
from the xylose-fermenting yeasts Sp. passalidarum, and three cellobiose transporters from yeasts
(HXT2.4 from Sc. illinoinensis, CBT1 from C. tropicalis and CBT2 from M. guilliermondii) that allowed
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growth of recombinant S. cerevisiae cells on this carbon source. While the CBT2 transporter allowed
incomplete (stuck) fermentation of cellobiose, the truncation of the N- and C-terminal domains,
removing lysine residues with ubiquitinylation potential, allowed the complete consumption and
fermentation of cellobiose by an industrial yeast strain. This work therefore highlights the importance
of post-translational modifications in the correct expression of novel sugar transporters in
recombinant S. cerevisiae strains.
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