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Functional Analysis of Two 1-Arabinose Transporters from
Filamentous Fungi Reveals Promising Characteristics for Improved
Pentose Utilization in Saccharomyces cerevisiae
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Limited uptake is one of the bottlenecks for L-arabinose fermentation from lignocellulosic hydrolysates in engineered Saccharo-
myces cerevisiae. This study characterized two novel L-arabinose transporters, LAT-1 from Neurospora crassa and MtLAT-1
from Myceliophthora thermophila. Although the two proteins share high identity (about 83%), they display different substrate
specificities. Sugar transport assays using the S. cerevisiae strain EBY.VW4000 indicated that LAT-1 accepts a broad substrate
spectrum. In contrast, MtLAT-1 appeared much more specific for L-arabinose. Determination of the kinetic properties of both
transporters revealed that the K,,, values of LAT-1 and MtLAT-1 for L-arabinose were 58.12 = 4.06 mM and 29.39 * 3.60 mM,
respectively, with corresponding V.. values of 116.7 = 3.0 mmol/h/g dry cell weight (DCW) and 10.29 * 0.35 mmol/h/g DCW,
respectively. In addition, both transporters were found to use a proton-coupled symport mechanism and showed only partial
inhibition by p-glucose during L-arabinose uptake. Moreover, LAT-1 and MtLAT-1 were expressed in the S. cerevisiae strain
BSW2AP containing an L-arabinose metabolic pathway. Both recombinant strains exhibited much faster L-arabinose utilization,
greater biomass accumulation, and higher ethanol production than the control strain. In conclusion, because of higher maxi-
mum velocities and reduced inhibition by p-glucose, the genes for the two characterized transporters are promising targets for
improved L-arabinose utilization and fermentation in S. cerevisiae.

Bioreﬁning of lignocellulosic biomass has attracted consider-
able attention in recent years because of its abundance, sus-
tainability and potential environmental benefits (1, 2). The main
sugars in hydrolysates from currently used feedstocks are a mix-
ture of D-glucose, D-xylose, and L-arabinose (3). For a cost-effec-
tive conversion of biomass into fuels or chemicals, the fermenta-
tive organisms are required to utilize all three sugars efficiently.
Even though many organisms are able to natively convert these
substrates, the most commonly selected microbe is Saccharomyces
cerevisiae (baker’s yeast) because of its high ethanol productivity
and high tolerance for inhibitors present in biomass hydrolysates,
as well as the fact that it is amenable to genetic engineering (4—6).

Wild-type S. cerevisiae cannot utilize the two pentose sugars
D-xylose and L-arabinose. Thus, improving import and the intra-
cellular pentose utilization efficiency is very critical, and intensive
efforts have been made to do so by yeast metabolic engineering
(7-13). Sugar uptake is the initial step for its utilization, and there-
fore, efficient molecular transport is a prerequisite to achieve en-
hanced fermentation rates in the presence of a working pentose
metabolism pathway. Baker’s yeast is able to absorb pentoses
through its native hexose transporters, such as Hxt5 and Hxt7,
and the galactose transporter Gal2 (14-16). However, these trans-
porters show higher affinity for hexoses, and thus, it was suggested
that p-glucose impairs the simultaneous utilization of pentoses
mainly by inhibition of pentose uptake. Therefore, heterologous
expression of pentose transporters can alleviate this inhibition and
lead to improved pentose utilization and cofermentation rates of
hexoses and pentoses (17, 18). Recently, multiple novel transport-
ers from pentose-assimilating microorganisms have been discov-
ered (19-23). In addition, it was shown that pentose utilization
could be improved by increasing its uptake in S. cerevisiae via
heterologous expression of glucose/xylose facilitator 1 (Gxfl) and

4062 aem.asm.org

Applied and Environmental Microbiology

glucose/xylose symporter 1 (Gxsl) from Candida intermedia (24)
or by overexpression of the endogenous Gal2 (25). Alternative
approaches using transporter engineering and directed evolution
found that their substrate specificity could be rewired, and D-
glucose inhibition-free D-xylose transporters were engineered
through modification of protein motifs (26, 27).

L-Arabinose is the second most abundant sugar in hemicellu-
lose; however, because D-xylose is considered the most represen-
tative pentose sugar, L-arabinose has so far attracted much less
attention, and its use in biorefining has been less well studied.
Although L-arabinose and D-xylose are both pentoses and their
catabolic pathways are interconnected, we found that their pres-
ence elicited substantially different responses on the transcrip-
tional level in our previous study using Neurospora crassa (28).
Moreover, most of the known pentose transporters were shown to
be able to differentiate between D-xylose and L-arabinose. For ex-
ample, Gxfl and Gxsl can transport D-xylose but not L-arabinose,
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while the D-xylose/L-arabinose transporter (XAT-1) transports L-
arabinose much better than D-xylose (16, 20, 24). To date, only a
few L-arabinose-specific transporters have been reported, includ-
ing two transporters for L-arabinose cloned from Ambrosiozyma
monospora in 2011 (21). Shortly thereafter, another three L-arabi-
nose transporters were identified and partially characterized:
AraT from Scheffersomyces stiptis, Stp2 from Arabidopsis thaliana,
and LAT-1 (NCUO02188) from N. crassa (22, 23). We found that
lat-1 is the most strongly induced sugar transporter gene in N.
crassa on L-arabinose and is coexpressed with lad-1, encoding the
L-arabinitol 4-dehydrogenase. The corresponding deletion strain
was shown to be impaired in L-arabinose uptake, intracellular ac-
cumulation, and signaling. Moreover, the lat-1 deletion strain in
N. crassa displayed an obvious growth defect on arabinan and
impaired L-arabinose consumption (23, 28). Together, these re-
sults strongly suggested that lat-1 encodes a bona fide L-arabinose
transporter. However, no detailed kinetic properties of this pro-
tein have yet been reported, and knowing these properties is im-
portant to improve our knowledge concerning the mechanism of
transport specification and substrate recognition, as well as to de-
termine the possibility of its application to S. cerevisiae metabolic
engineering.

In this study, we report the comprehensive characterization of
LAT-1, as well as its ortholog in the related thermophilic fungus
Myceliophthora thermophila (syn. Sporotrichum thermophile, in
the same order Sordariales with N. crassa) (29). Both L-arabinose
transporters were found to use a proton-coupled symport mech-
anism but to differ in their substrate specificities. Moreover, they
exert a greater maximum velocity (V,,.,) and are less inhibited by
D-glucose than all other transporters reported so far. The charac-
teristics of these two novel L-arabinose transporters investigated in
the present study demonstrate that both genes should be good
future candidates for metabolic engineering to improve L-arabi-
nose fermentation in microbes, such as S. cerevisiae, that are un-
able to naturally use L-arabinose in biorefining.

MATERIALS AND METHODS

Strains and culture conditions. S. cerevisiae EBY.VW4000 (30), a gift
from Eckhard Boles (Goethe Universitit Frankfurt am Main), was cul-
tured in YPM medium (10 g/liter yeast extract, 20 g/liter peptone, and 20
g/liter maltose). Recombinant EBY.VW400 strains were grown in syn-
thetic complete (SC) medium (6.7 g/liter yeast nitrogen base and 2 g/liter
amino acid dropout mix) supplemented with amino acids lacking uracil
(SC—Ura) (in order to maintain transporter-expressing plasmids) and
various carbon sources as described previously (31).

S. cerevisiae BSW2AP (25), a gift from Xiaoming Bao, Shandong Uni-
versity, was grown in SC medium supplemented with amino acids lacking
leucine and uracil (SC—Leu—Ura) and 20 g/liter L-arabinose. The me-
dium was supplemented with 400 pg/ml Geneticin (G418; Amresco, So-
lon, OH, USA) when required to maintain the plasmid with the KanMX4
marker. All yeast strains were cultured at 30°C and 200 rpm for aerobic
growth.

For serial dilution growth assays, a single colony was precultured to
exponential phase with an optical density at 600 nm (ODy,) of 1 to 2. The
cells were washed twice with sterile water and resuspended in sterile water
with an ODy,, of 3. The cells were serially 10-fold diluted in multiple
steps, and aliquots of 2 .l were spotted on agar plates with various carbon
sources.

Escherichia coli DH5a was used for gene cloning and manipulation.
Strains were cultivated in lysogeny broth (LB) medium with 100 pg/ml
ampicillin for plasmid selection (32).

For transcription analysis, N. crassa (FGSC 2489), obtained from the
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Fungal Genetics Stock Center (FGSC), was cultured on Vogel’s minimal
medium supplemented with 2% sucrose for 10 days at 28°C with constant
light, and conidia were inoculated into 100 ml of liquid medium (1X
Vogel’s salt with 2% p-glucose or 2% L-arabinose) at 10° conidia per ml in
a 250-ml Erlenmeyer flask. Two replicate flasks of each culture were
grown. After growth for 16 to 26 h at 25°C with shaking at 200 rpm under
constant light, mycelia were harvested by vacuum filtration with What-
man filter paper, frozen immediately in liquid nitrogen, and stored at
—80°C for RNA extraction.

M. thermophila ATCC 42464, obtained from the American Type Cul-
ture Collection (ATCC), was cultured on Vogel’s minimal medium sup-
plemented with 2% sucrose for 15 days at 45°C, and conidia were inocu-
lated into 100 ml of liquid medium (1X Vogel’s salt with 2% p-glucose or
2% L-arabinose) at 2.5 X 10° conidia per ml in a 250-ml Erlenmeyer flask.
Two replicate flasks were inoculated for each culture. After growth for 16
h at 45°C with shaking at 150 rpm under constant light, mycelia were
harvested by vacuum filtration with Whatman filter paper, frozen imme-
diately in liquid nitrogen, and stored at —80°C for RNA extraction.

D-Glucose, L-arabinose, maltose, D-fructose, b-mannose, D-galactose,
lactose, and p-sorbose were purchased from Sigma-Aldrich (St. Louis,
MO, USA) with a purity of more than 99%, and sucrose was obtained
from Amresco with a purity of more than 99%.

RNA extraction. Total RNA from frozen samples was isolated using
zirconia/silica beads (0.5-mm diameter; Biospec, Bartlesville, OK, USA)
and a MiniBeadbeater (Biospec) with 1 ml TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. To eliminate genomic DNA contamination, an additional cleanup
with DNase was performed using the Qiagen (Hilden, Germany) RNeasy
minikit as described in the manufacture’s RNA cleanup introduction. A
NanoDrop (Thermo Scientific, South Logan, UT, USA) and agarose gel
electrophoresis were used to check the RNA concentration and integrity
(33). RNAs with A,4(/A,g, values between 2.0 and 2.2, A, /A5, values
between 2.0 and 2.4, and no visible degradation on agarose gel electro-
phoresis were used.

Quantitative real-time PCR. Quantitative real-time PCR was per-
formed using a CFX96 real-time PCR detection system (Bio-Rad, Hercu-
les, CA, USA) with reagents from the One-step qPCR kit (Toyobo, Osaka,
Japan). The PCR mixture (20 pl), with three replicates, included approx-
imately 75 ng template RNA, 0.4 uM primers, and 10 pl RNA-direct
SYBR green Real-time PCR master mix, according to the manufacturer’s
instructions. The relative transcript levels of putative L-arabinose trans-
porters in N. crassa and M. thermophila on L-arabinose were calculated by
the 27 22€T method, with expression on p-glucose as the control and the
expression level of actin (NCU04173 and MYCTH_2303024 in N. crassa
and M. thermophila, respectively) as an internal standard.

Plasmid and strain construction. RNA samples from N. crassa and M.
thermophila grown on L-arabinose were reverse transcribed into cDNA
with a RevertAid First Strand cDNA synthesis kit (Thermo Scientific,
Waltham, MA, USA) according to the instructions and used as the
template for amplification of genes encoding putative L-arabinose trans-
porters.

For analysis of the localization and transport kinetics of the L-arabi-
nose transporters in recombinant EBY.VW4000 strains, the plasmid
p426PGK with the PGK promoter, green fluorescent protein (GFP) open
reading frame, and CYC terminator was used as the shuttle vector, which
was constructed from the 2 plasmid pRS426 according to the method
described previously (34). The gene encoding LAT-1 (NCU02188) was
amplified from N. crassa and inserted between the BamHI and EcoRI sites
(respective underlined sequences) using the primers CGCGGATCCATG
GGGCTCGGGCTTAAGCTAC and CGGAATTCAACCTTCTCATGCT
CATGCACCTG, resulting in plasmid p426LATgfp. The MtLAT-1-en-
coding gene (MYCTH_95427) amplified from M. thermophila was
inserted between the BamHI and EcoRI sites using the primers CGCGG
ATCCATGAAGCTGCCCACGATTTAC and CCGGAATTCAACCTTC
TCCTGCTCGCCGAG, resulting in plasmid p426MtLATgfp.
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For expression of transporters in strain BWS2AP, the plasmid p426
with the PGK promoter and CYC terminator was used as the shuttle
vector, which was constructed from the 2 plasmid pRS426 as described
previously (34), and the plasmid p426kanmx4 with KanMX4 as the selec-
tive marker was constructed. KanMX4 cloned from pUG8 was inserted
into p426 between the Ndel and Apal sites to replace the URA3 fragment
using the primers GGGAATTCCATATGGATCTGTTTAGCTTGCCT
CGTC and ATGGGCCCCGACACTGGATGGCGGCGTTAG, resulting
in plasmid p426kanmx4. Subsequently, the genes encoding LAT-1 and
MtLAT-1 were inserted into the shuttle plasmid p426kanmx4, behind the
PGK promoter, with the primers CGCGGATCCATGGGGCTCGGGCT
TAAGCTAC/CGGAATTCCTAAACCTTCTCATGCTCATGCAC and
CGCGGATCCATGAAGCTGCCCACGATTTAC/CCGGAATTCTTAA
ACCTTCTCCTGCTCGCCGAG, respectively. All restriction enzymes were
obtained from Thermo Scientific.

All the target genes cloned into shuttle vectors were sequenced to
verify the authenticity of the plasmid constructs. Yeast transformations
were performed as described previously (32).

GFP fluorescence and confocal fluorescence microscopy. The re-
combinant EBY.VW4000 strains expressing sugar transporters tagged
with GFP were streaked from 15% glycerol stocks onto SC—Ura plates
with 20 g/liter maltose. A single clone was inoculated into SC—Ura liquid
medium supplemented with 20 g/liter maltose and grown to exponential
phase with an ODy,,, of 1 to 2. Cells were collected, washed twice with
sterile water, and then resuspended in sterile water. Ten microliters of
culture was spotted on a cover glass for confocal microscopy using a Leica
TCS SP5 II microscope with a 100X 1.4-numerical-aperture (NA) oil
immersion objective. The images were processed and analyzed with
Image] (version 1.47).

L-Arabinose transport kinetics. Initial -arabinose uptake rates were
determined using a modification of the method described previously (19,
35). Cell cultures at exponential phase were collected, washed twice with
100 mM Tris-citrate buffer at pH 5.0, and then resuspended to an ODg,
of40. An aliquot (100 pl) of yeast cells was preincubated at 30°C for 5 min
and then mixed with 42 pl of a sugar solution containing L-[1-*H]arabi-
nose (American Radiolabeled Chemicals Inc., St. Louis, MO, USA) at
various concentrations (1 mM, 5 mM, 10 mM, 50 mM, 200 mM, 400 mM,
and 600 mM) and incubated for 2 min at 30°C. One milliliter of ice-cold
water was added to stop the reaction. After centrifugation (10,000 rpm; 1
min), the cells were washed three times with ice-cold water, mixed with 1
ml of 1 M NaOH, and then transferred to a 5-ml scintillation cocktail
(PerkinElmer, Waltham, MA, USA). The radioactivity was measured us-
ing a scintillation counter (Tri-Carb 2910TR Liquid Scintillation Ana-
lyzer; PerkinElmer). A 300-pl aliquot of each yeast strain was dried at
80°C for determination of the dry cell weight (DCW). The results shown
are the averages of at least two independent experiments. The K,,, and
maximum velocity (V.. ) were determined as described previously (19).

Uncoupling assays. To determine the transport type of LAT-1 and
MtLAT-1, the dependence of the L-arabinose transport on the plasma
membrane proton gradient was monitored by a previously described
method (36) with minor modifications. Strains were prepared in the same
way as for the kinetics assay described above. Fifty-microliter aliquots of
yeast suspensions were mixed with various amounts of carbonyl cyanide
m-chlorophenylhydrazone (CCCP) (Sigma-Aldrich), resulting in final
CCCP concentrations of 0 mM, 0.5 mM, 1.0 mM, 25 mM, and 50 mM,
and incubated for 10 min at 30°C. After incubation, 50 pl of a sugar
solution containing L-[1->H]arabinose at a concentration of 10 mM was
added and incubated for 2 min at 30°C, and the transport rate was deter-
mined as for the kinetic assay described above. All assays were performed
in biological triplicates.

D-Glucose inhibition assay. Yeast cells were prepared as for the meth-
ods described above. Fifty-microliter aliquots of cell cultures were mixed
with 50 pl of p-glucose solutions at different concentrations (0 mM, 30
mM, 75 mM, 150 mM, and 300 mM) and incubated at 30°C for 5 min.
Subsequently, 50 pl of a sugar solution containing -[1->H]arabinose at
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MtLAT-1

GFP

FIG 1 Confocal fluorescence imaging of recombinant EBY.VW4000 strains
expressing LAT-1 and MtLAT-1, demonstrating correct localization at the
yeast plasma membrane. CK, the EBY.VW4000 strain without LAT-1 or
MtLAT-1 used as a negative control. DIC, differential interference contrast.

300 mM was added and incubated for 2 min at 30°C. The transport rate
was determined as described above. The experiments were performed in
independent triplicates.

Fermentation experiment. A single colony from a fresh agar plate was
inoculated into 10 ml synthetic complete medium supplemented with 400
pg/ml G418 with 15 g/liter L-arabinose and 5 g/liter D-glucose as carbon
sources. Precultured cells were harvested at late exponential phase,
washed with sterile water, and then inoculated into 30 ml synthetic com-
plete medium in 250-ml Erlenmeyer flasks under aerobic conditions. Ox-
ygen-limited fermentation was performed on 50-ml synthetic medium in
100-ml serum vials sealed with rubber caps. 1-Arabinose (2%) served as
the sole carbon source, and 400 pg/ml G418 was added to maintain the
plasmid for all fermentations. The initial cell densities of all fermentation
experiments were adjusted to an ODy, of 1.0. Under aerobic or oxygen-
limited conditions, cells were cultivated in an orbital shaker at 200 rpm at
30°C, and samples were taken at intervals. All assays were carried out in
biological duplicates for each investigated strain.

Analytical methods. Cell growth was monitored by measuring the
absorbance at 600 nm using a UV-1800 spectrophotometer (Shimadzu,
Kyoto, Japan). The residual L-arabinose concentration and ethanol pro-
duction were determined by high-performance liquid chromatography
(HPLC) with an instrument (e2695; Waters, Manchester, United King-
dom) equipped with a Waters 2414 refractive index detector and an
Aminex HPX-87H column (Bio-Rad). The column was eluted at a tem-
perature of 63°C, and 5 mM H,SO, was used as a mobile phase with a
constant flow rate of 0.6 ml/min. Data analysis was performed using a
Waters e2695 separation module.

Protein sequence alignment. L-Arabinose transporters were aligned
by the PRALINE multiple-sequence alignment server (37), and the pre-
dicted result was visualized with ALINE software (38).

RESULTS

Cloning and heterologous expression in S. cerevisiae of two fun-
gal L-arabinose transporters. Our previous transcriptomic anal-
ysis of N. crassa identified the major facilitator superfamily (MES)
transporter gene NCU02188, named lat-1, as one of the most
strongly induced genes on L-arabinose (23). Interestingly, we
found that its ortholog (MYCTH_95427; MtLAT-1) in M. ther-
mophila, a thermophilic filamentous fungus that can use L-arabi-
nose even more efficiently than N. crassa (unpublished data), was
also strongly induced by L-arabinose (see Fig. S1 in the supple-
mental material). Because the two proteins are highly homolo-
gous (about 83% identity based on the predicted amino acid se-
quence; see Fig. S2 and S3 in the supplemental material), we
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20 g/L D-fructose 20 g/L. D-mannose

20 g/L Sucrose 20 g/L D-sorbose

FIG 2 Growth properties of recombinant EBY.VW4000 expressing LAT-1 and MtLAT-1. Cells were spotted in serial dilutions on synthetic complete medium
agar plates with various carbon sources at the indicated concentrations. Cells harboring the empty vector p426PGK served as a negative control. The cells were

grown at 30°C for 5 days.

assumed the molecular function and biochemical properties
would be comparable. To characterize the two putative L-arabi-
nose transporters in more detail, we cloned the corresponding
genes and introduced them into the S. cerevisiae null-hexose-
transporter strain EBY.VW4000 (30). The transporters fused to
GFP displayed correct plasma membrane localization in the re-
combinant overexpression strains, as visualized by confocal mi-
croscopy (Fig. 1).

The substrate specificities of LAT-1 and MtLAT-1 differ con-
siderably. To determine the substrate spectra of LAT-1 and
MILAT-1, we performed growth assays of the recombinant
EBY.VW4000 yeast strains on various carbon sources. To this end,
precultured strains in serial dilutions were spotted on agar plates
with various mono- and disaccharides as carbon sources at a con-
centration of 20 g/liter. Due to the absence of any hexose trans-
porter, the EBY.VW4000 strain harboring only the empty plasmid
control did not grow on any tested carbon sources except D-malt-
ose, as expected (Fig. 2). Conversely, LAT-1, expressed under the
control of the strong PGK promoter, supported slow growth on 20
g/liter concentrations of D-glucose, D-fructose, D-mannose, D-ga-
lactose, lactose, sucrose, and D-sorbose (Fig. 2). In addition, the
cells expressing LAT-1 showed transport capacity for L-arabinose
in an isotope assay (data not shown). These results suggested that
under our conditions, LAT-1 was not an L-arabinose-specific
transporter but a multifunctional transporter with a potentially
broad substrate spectrum. In contrast to LAT-1, the EBY.VW4000
transformant expressing MtLAT-1 showed a growth pattern sim-
ilar to that of the empty-plasmid control with no capacity for

100

o 23 =3
o o o
1 1 1

V(mmol/h/gram DCW) I>
N
o

T T 1
0 50 100 150 200
L-arabinose concentration (mM)

growth on all tested sugars except D-maltose, while MtLAT-1-
mediated L-arabinose uptake was observable in an isotope assay
(data not shown). These results suggested that MtLAT-1 was con-
siderably more L-arabinose specific. Considering that M. thermo-
phila is naturally efficient at using L-arabinose, the specificity of
MtLAT-1 for this substrate would make it an excellent target for
metabolic engineering in S. cerevisiae and would make M. thermo-
phila a good fungal candidate for rapid industrial L-arabinose fer-
mentation.

LAT-1 and MtLAT-1 display a low-affinity—high-capacity
type of transport kinetics. To get a better understanding of the
biochemical properties of both MES transporters, the kinetic pa-
rameters were determined by measuring initial uptake rates. The
recombinant EBY.VW4000 strains were incubated with L-arabi-
nose at various concentrations using a radiolabeled tracer in
2-min experiments. We found that the K,,, values of LAT-1 and
MLAT-1 for L-arabinose uptake were 58.12 * 4.06 mM and
29.39 = 3.60 mM, respectively, with corresponding V,, ., values of
116.7 = 3.0 mmol/h/g DCW and 10.29 = 0.35 mmol/h/g DCW,
respectively (Fig. 3). Compared with previously characterized
proteins, the affinity of the two fungal transporters for L-arabinose
is therefore similar to that of Gal2 but lower than that measured
for AraT and Stp2 (22). However, the V., values are much higher
than those of any L-arabinose transporters reported so far, partic-
ularly for LAT-1 from N. crassa, which displayed a V,,,,, 3 orders of
magnitude higher (Table 1), indicating it is possible to improve
the speed of L-arabinose uptake by heterologous expression of

V(mmol/h/gram DCW) [0

0 T
0 50
L-arabinose concentration (mM)

T T 1
100 150 200

FIG 3 Kinetic characterization of LAT-1 (A) and MtLAT-1 (B) for L-arabinose uptake. The initial rate of sugar transport was determined as a function of the
sugar concentration. The transport rate was normalized by yeast DCW. The background values determined with cells containing the empty vector were
subtracted. The error bars indicate the standard deviations of the results of at least two independent experiments.
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TABLE 1 Kinetic parameters of known r-arabinose transporters

Organism Gene product K, (mM) V max (mmol/h/g DCW)® Reference
S. cerevisiae Gal2 57 £ 11 0.132 = 0.0156 22
S. stipitis AraT 3.8+ 1.7 0.024 £ 0.0036 22
A. thaliana Stp2 4.5 *22 0.036 £ 0.0048 22
N. crassa LAT-1 58.12 = 4.06 116.7 £ 3.0 This study
M. thermophila MtLAT-1 29.39 * 3.60 10.29 £ 0.35 This study

“ Vinax from the references was recalculated to match the dimension mmol/h/g DCW.

LAT-1 and MtLAT-1 in microbes that have no or very low capa-
bility for natural L-arabinose uptake, such as S. cerevisiae.

L-Arabinose uptake by LAT-1and MtLAT-1 shows character-
istics of a proton symport type. We subsequently subjected the
recombinant EBY.VW4000 yeast strains to sensitivity assays for
CCCP, a standard method to investigate whether the MFS protein
energy requirement is either the symporter or facilitator type.
CCCP, a chemical inhibitor of oxidative phosphorylation, is ca-
pable of dissipating the proton gradient over the plasma mem-
brane. Therefore, transport rates in the presence of CCCP indicate
whether the uptake of a specific substrate is dependent on a proton
gradient (symporter) or not (facilitator).

The recombinant EBY.VW4000 strains overexpressing LAT-1
and MtLAT-1 were mixed with different concentrations of CCCP,
and the initial uptake rates of L-arabinose were measured (Fig. 4).
With increasing CCCP concentrations, transport rates for L-ara-
binose were reduced in both strains, indicating that both LAT-1
and MtLAT-1 are symporters, and the transport is dependent on
an intact plasma membrane proton gradient. Intriguingly, L-ara-
binose rates of uptake of both transporters did not decrease con-
siderably below about 0.8 mmol/h/g DCW at CCCP concentra-
tions exceeding 25 WM. The precise reason is not known, but one
possibility is that the two L-arabinose symporters might have a
basal L-arabinose transport capability without a proton gradient,
such as a separate facilitator-like mode.

L-Arabinose uptake by LAT-1 and MtLAT-1 is affected but
not completely inhibited by p-glucose. In particular for their in-
dustrial applicability, the degree of inhibition by D-glucose is a
very important characteristic for newly discovered transporters.
To investigate the inhibition potential of LAT-1 and MtLAT-1,
initial uptake rates at a final concentration of 100 mM L-arabinose

-
© o
1 1

V(mmol/h/gram DCW) >
[}

44
24
04
W] ) B Q Q
Q' Q. N ,f>¢ ‘)Q.

CCCP concentration (pM)

were recorded in the presence of increasing concentrations of D-
glucose. The results, depicted in Fig. 5, demonstrate that the L-ar-
abinose transport activity of LAT-1 and MtLAT-1 decreased with
increasing concentrations of D-glucose. The transport rate in both
transporters was reduced to about 40% when 10 mM D-glucose
was added, while activity of AraT and Stp2 was previously shown
to be completely inhibited under these concentrations (22). Ad-
ditionally, L-arabinose uptake activity by LAT-1 and MtLAT-1
was still detectable at 10-fold-higher concentrations (100 mM D-
glucose). These results suggest that the L-arabinose transporters
identified here are much less severely inhibited by p-glucose.
Overexpression of LAT-1 and MtLAT-1 improves L-arabi-
nose utilization in S. cerevisiae. To test whether the high trans-
port velocities of the two transporters can efficiently help to im-
prove L-arabinose fermentation, we investigated cell growth and
L-arabinose consumption rates by overexpression of LAT-1 and
MtLAT-1 in the previously created S. cerevisiae strain BSW2AP
(25). This strain harbors the L-arabinose utilization pathway genes
araA, araB, and araD from Lactobacillus plantarum. Precultured
cells containing LAT-1 or MtLAT-1 were initially grown in syn-
thetic complete medium containing 15 g/liter L-arabinose and 5
g/liter -glucose. The BSW2AP strain harboring an empty vector
(p426kanmx4) was used as the control. After being washed with
sterile water, cells in late exponential phase were inoculated into
synthetic medium containing 20 g/liter L-arabinose and grown
under aerobic conditions. As shown in Fig. 6, the cells with empty
vector grew very slowly on 20 g/liter L-arabinose and consumed
only minor amounts under aerobic conditions. However, the
LAT-1- and MtLAT-1-overexpressing strains supported 2- to
3-fold-stronger growth (Fig. 6A), consistent with concurrently
higher L-arabinose consumption rates (Fig. 6B). Compared with
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FIG 4 Sensitivity of L-arabinose transport by LAT-1 (A) and MtLAT-1 (B) to the proton uncoupler CCCP. S. cerevisiae strains expressing sugar transporters were
incubated with the indicated concentration of CCCP for 10 min at 30°C. Subsequently, the rate at which the cells imported 5 mM L-arabinose was measured. The

error bars indicate the standard deviations of the results of duplicate assays.
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FIG 5 Inhibitory effect of D-glucose on L-arabinose uptake of LAT-1 (A) and MtLAT-1 (B). The initial transport rate of 100 mM L-arabinose by both transporters
was monitored at various D-glucose concentrations, as indicated. The error bars indicate the standard deviations of the results of biological duplicates.

MtLAT-1, LAT-1 enabled even faster growth and L-arabinose uti-
lization.

We further tested the effect of heterologously expressed LAT-1
or MtLAT-1 on ethanol fermentation rates from L-arabinose in
BSW2AP cells. Compared with empty-vector-harboring control
cells under oxygen-limited conditions, the levels of sugar utiliza-
tion and the ethanol production in strains expressing LAT-1 or
MLAT-1 were considerably higher (Fig. 7). Although the total
titer of ethanol was still very low, it can surely be improved by
downstream optimization of the L-arabinose utilization pathway
in the future.

DISCUSSION

For an economically feasible biorefining process, it will be crucial
to completely utilize the sugars derived from biomass, including
L-arabinose. However, L-arabinose fermentation in recombinant
S. cerevisiae is far from efficient, and uptake of the sugar is still a
limiting factor. Although S. cerevisiae can take up L-arabinose via
its hexose transporters, such as Gal2, this process is carried out
with low affinity and is strongly inhibited by D-glucose (17, 18).
Recently, several novel L-arabinose-specific transporters have
been identified (19-21, 23), and the transporting kinetics of two of
them (AraT and Stp2) were characterized (22). However, the
transporters discovered so far do not allow efficient L-arabinose
fermentation. Therefore, the identification and detailed charac-
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terization of additional transporters is of paramount importance
for the field.

Filamentous fungi with the capability for lignocellulosic depo-
lymerization are a promising reservoir of industrial enzymes and
transporters. Several sugar transporters from lignocellulose-de-
grading fungi have already contributed to the metabolic engineer-
ing of S. cerevisiae for efficient fermentation of sustainable feed-
stock, such as the cellodextrin transporters (CDT-1 and CDT-2)
and a xylose transporter (An25) from N. crassa (19, 34). Here, we
cloned and characterized two L-arabinose transporters from fila-
mentous fungi: LAT-1 from N. crassa and MtLAT-1 from M. ther-
mophila. When expressed in the hexose-transporter-less S. cerevi-
siae strain EBY.VW4000, both recombinant strains were able to
take up L-arabinose with low affinity and high capacity, even
though the two transporters showed distinct characteristics, in-
cluding the L-arabinose uptake rates and their substrate spectra.
Since both L-arabinose transporter constructs in the recombinant
strains displayed similar transcript levels (data not shown), this
suggests that the observed differences were not caused by gene
expression levels. Whether some differences might exist at the
protein level is worth checking in the future. However, we con-
sider it more likely that the markedly different lifestyles of the two
fungi that the two transporters genes were cloned from caused the
divergence of the gene products. For example, the optimal tem-
perature for the thermophile M. thermophila is 40 to 50°C,
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FIG 6 Growth and sugar utilization of BSW2AP strains expressing L-arabinose transporters under aerobic conditions. Precultured cells expressing LAT-1 or
MtLAT-1 or harboring the empty vector p426kanmx4 (as a control) were inoculated into synthetic complete medium containing 20 g/liter L-arabinose and 400
pg/ml G418 to an initial optical density of 1.0 at 600 nm. The results shown are average values of two independent experiments.
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FIG 7 Profiles of L-arabinose fermentation by recombinant S. cerevisiae
strains under oxygen-limited conditions. Fermentation experiments were per-
formed on synthetic complete medium containing 20 g/liter L-arabinose and
400 pg/ml G418 with an initial ODg, of 1.0 under oxygen-limited conditions.
The error bars show the standard derivations of the results of two independent
experiments. BSW2AP strains were expressing either LAT-1 or MtLAT-1 or
harboring an empty vector (as the control).
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whereas it is 25 to 30°C for the mesophilic N. crassa. We also
noticed that the speed of L-arabinose utilization by M. thermophila
is at least twice that of N. crassa, which might be due to the better
specificity of MtLAT-1 that we observed. The observed difference
in substrate preference is interesting, considering that the two
transporters are highly homologous (sharing about 83% identity)
and use the same type of energy requirement (proton symport). In
the future, it will be worthwhile to test what motif or amino acid
residue(s) could be the determining factor for this substrate spec-
ificity based on a comparative analysis of the two proteins and
using techniques such as reciprocal amino acid point mutations.

The transport velocity of LAT-1 was found to be 3 orders of
magnitude higher than that of any of the three previously identi-
fied L-arabinose transporters (Table 1) (19). Theoretically, the
sugar consumption rate could also be increased by heterologous
expression of the transporters with higher uptake velocity. A direct
relationship between sugar transport kinetics and its consumption
rate has been shown (39), implying a potential for improved L-arabi-
nose consumption by overexpressing both transporters. Moreover,
both transporters also displayed less competitive inhibition by D-glu-
cose. Regarding the mechanism of D-glucose inhibition, it was re-
ported recently that amino acid N376 of Gal2 is critical for this pro-
cess. A mutation of N376 to phenylalanine (N376F) prevented
D-glucose from entering the binding pocket and thereby relieved
competitive inhibition (26). Based on sequence alignments (see Fig.
$4 in the supplemental material), the corresponding amino acid res-
idue of LAT-1 and MtLAT-1 has evolved naturally into phenylala-
nine, and this amino acid change might be the reason for the reduced
potential for inhibition of LAT-1 and MtLAT-1 by p-glucose. Con-
sistent with this hypothesis, the same positions in AraT and Stp2,
which are completely inhibited by 10 mM D-glucose, still encode as-
paragine (22).

Finally, when we tested the beneficial properties of LAT-1 and
MtLAT-1 in an aerobic fermentation experiment by introducing
the two transporters into the L-arabinose-catabolizing yeast strain
BSW2AP (25), both strains outperformed the parental strain and
achieved higher growth rates and had better ethanol production
capability. However, we noticed that the total amount of ethanol
production in the recombinant strain was still very low, suggesting
that containing a good transporter is not enough for efficient L-ara-
binose fermentation. This seems analogous to xylose fermentation in
yeast, where many modifications of the intracellular utilization path-
way and even extensive adaptive evolution were needed to reach good
titers (40, 41). Consistently, the advantage of D-xylose-specific trans-
porter overexpression was not observed for xylose fermentation be-
cause of a deficient D-xylose utilization pathway (21). Moreover, it
was shown that the effect of increased transport performance is a
function of the strain background and the substrate concentration
(39). Therefore, cooptimization of the downstream metabolic flux
for L-arabinose is required in the future.

In conclusion, we characterized in detail two L-arabinose
transporters, LAT-1 and MtLAT-1, from the two cellulolytic fungi
N. crassa and M. thermophila. Both proteins are symporter-type
transporters and exhibited good V., values and lower D-glucose
inhibition during L-arabinose uptake than any other L-arabinose
transporter analyzed so far. The genes for the two transporters
characterized here should be promising target genes for the eluci-
dation of the working mechanism of MFS transporters and for
improving L-arabinose fermentation in engineered microbes,
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such as S. cerevisiae and industrial fungi for bio-based chemical
production in the future.
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