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Abstract Sugar transport is very critical in developing an
efficient and rapid conversion process of a mixture of sugars
by engineered microorganisms. By using expressed sequence
tag data generated for the fructophilic yeast Candida
magnoliae JH110, we identified two fructose-specific trans-
porters, CmFSY1 and CmFFZ1 , which show high homology
with known fructose transporters of other yeasts. The
CmFSY1 and CmFFZ1 genes harbor no introns and encode
proteins of 574 and 582 amino acids, respectively. Heterolo-
gous expression of the two fructose-specific transporter genes
in a Saccharomyces cerevisiae , which is unable to utilize
hexoses, revealed that both transporters are functionally
expressed and specifically transport fructose. These results
were further corroborated by kinetic analysis of the fructose
transport that showed that CmFsy1p is a high-affinity fruc-
tose–proton symporter with low capacity (KM=0.13±
0.01 mM, Vmax=2.1±0.3 mmol h−1 [gdw]−1) and that
CmFfz1p is a low-affinity fructose-specific facilitator with
high capacity (KM=105±12 mM, Vmax=8.6±0.7 mmol h−1

[gdw]−1). These fructose-specific transporters can be used for

improving fructose transport in engineered microorganisms
for the production of biofuels and chemicals from fructose-
containing feedstock.
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Introduction

Sugar transporters move carbohydrate molecules across the
cellular plasma membrane and conduct the first step of the
carbohydrate metabolic pathway in all living organisms.
However, only a few sugar transporters, including hexose
and pentose transporters, have been explored in the context
of metabolic pathway engineering (Lee et al. 2002; Young
et al. 2012). Conventional microbial metabolic engineering
approaches presume that intracellular enzymes or pathways
restrain maximum production rates and, thus, depend on op-
timizing specific metabolic enzymes (Young et al. 2012).
However, the sugar transport rate places upper limits on
intracellular metabolic activities, especially in the exogenous
sugar catabolism (Wlaschin and Hu 2007). This limitation is
apparent in the production of biofuels and chemicals from
lignocellulosic biomass (Ha et al. 2011; Young et al. 2010).
Moreover, inefficient sugar transport impedes industrial scale
production of biofuels from renewable resources (Alper and
Stephanopoulos 2009; Lee et al. 2002). Thus, heterologous
expression of active sugar transporters in engineered microor-
ganisms would improve the production of renewable biofuels
and chemicals in which other limiting factors have already
optimized.

A major focus of heterologous transporter expression has
been in the field of improving the utilization of pentoses such
as xylose and arabinose because a common fermentative
yeast, Saccharomyces cerevisiae , cannot readily metabolize
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these five-carbon sugars (Hahn-Hägerdal et al. 2007; Hector
et al. 2008; Jeffries and Jin 2004). A significant effort has been
made to identify heterologous pentose-specific transporters
for functional expression in engineered xylose-fermenting S .
cerevisiae strains (Du et al. 2010; Leandro et al. 2006;
Saloheimo et al. 2007; Young et al. 2011). These prior studies
indicate that expression of a heterologous xylose transporter
can improve the ability of S . cerevisiae to utilize xylose
(Hector et al. 2008; Katahira et al. 2008; Leandro et al.
2009). However, little attention has been paid to the improve-
ment of hexose utilization in yeasts via heterologous trans-
porter expression. Fructose is a highly fermentable sugar that
is widely distributed in nature and easily produced from a
good agricultural source, inulin, that is naturally occurring as a
storage carbohydrate in many plants such as Jerusalem arti-
choke, chicory, dahlia, and yacon (Chi et al. 2011). While
enhancing the fructose uptake ability of yeast is a potentially
major factor for efficient fermentation of fructose-rich feed-
stock or co-fermentation of glucose and fructose, no work has
examined heterologous fructose transporter expression for
improving fructose utilization yet. This might be because of
the fact that most of the proteins that have been experimentally
identified for mediating fructose transport in yeasts and fungi
have been shown to prefer glucose to fructose (Leandro et al.
2009) and only a few proteins have been experimentally
identified for enabling fructose-specific transport in yeasts.
This limitation underscores the need to identify efficient
fructose-specific transporters in yeasts.

A high-affinity fructose-specific symporter was first iden-
tified in Saccharomyces pastorianus (Goncalves et al. 2000)
and Saccharomyces bayanus (Sousa et al. 2004). Later, other
high-affinity fructose symporters were found in the aerobic
milk yeastKluyveromyces lactis (Diezemann and Boles 2003)
and the gray mold fungus Botrytis cinerea (Doehlemann et al.
2005). Recently, a high-affinity fructose symporter was re-
ported from the commercial wine yeast S . cerevisiae EC 1118
(Galeote et al. 2010). These transporters do not accept glucose
as a substrate and mediate the active transport of fructose by a
proton symport mechanism. In addition, three fructose-
specific transporters were isolated and characterized from
the fructophilic yeasts Zygosaccharomyces bailii (Pina et al.
2004) and Zygosaccharomyces rouxii (Leandro et al. 2011).
Unlike most other yeasts, including the typical, glucophilic
yeast S . cerevisiae , these fructophilic yeasts consume fructose
faster than glucose. Candida magnoliae JH110 isolated from
honeycomb is also a fructophilic yeast known as an erythritol
producer (Kim et al. 2004; Koh et al. 2003). Using the fer-
mentation kinetics of glucose and fructose, we have shown
thatC .magnoliae JH110 prefers fructose to glucose as carbon
source (Yu et al. 2006). In addition,C .magnoliae JH110 is an
industrially important yeast because it is able to grow over a
wide range of pH and sugar concentrations and to produce
various sugar alcohols, glycerol, erythritol, and mannitol from

fructose; however, it cannot produce ethanol from hexose
sugars (Yu et al. 2006).

Here, we report the identification and characterization of
two fructose-specific transporters from the fructophilic yeast
C . magnoliae JH110 using expressed sequence tag (EST)
data. Heterologous expression of the transporters in a S .
cerevisiae mutant lacking its own hexose transporters and
kinetic analysis of the sugar transport revealed that one of
the transporters is a high-affinity fructose–proton symporter
with low capacity and the other one is a low-affinity fructose-
specific facilitator with high capacity.

Materials and methods

Strains, plasmids, and culture conditions

C . magnoliae JH110 wild-type strain [Korean Culture Center
of Microorganisms (KCCM) (formerly Korean Federation of
Culture Collection) (KFCC))-10900] was used for the prepara-
tion of genomic DNA and maintained on solid yeast–peptone–
sucrose medium (10 g/L yeast extract, 20 g/L peptone, and
300 g/L sucrose). All polymerase chain reaction (PCR) prod-
ucts intended for sequence analysis were cloned into the
pGEM-T Easy vector (Promega) to facilitate DNA sequencing.
Escherichia coli DH5α was used for propagation and amplifi-
cation of plasmids. It was grown at 37 °C in Luria–Bertani
medium (5 g/Lyeast extract, 10 g/L tryptone, and 10 g/L NaCl)
supplemented with 100 μg/mL ampicillin. S . cerevisiae
EBY.VW4000 (derived from the strain CEN.PK2-1C, MATa
Δhxt1 -17 Δgal2 Δstl1 Δagt1 Δmph2 Δmph3 leu2 -3 , 112
ura3-52 trp1-289 his3-Δ1 MAL2-8c SUC2) was used as a
host strain for the functional characterization of two trans-
porters from C . magnoliae JH110. Because this yeast lacks
the ability to transport hexoses (Wieczorke et al. 1999), it was
routinely grown in yeast–peptone–maltose medium (10 g/L
yeast extract, 20 g/L peptone, and 20 g/L maltose) or on solid
yeast synthetic complete (YSC) medium composed of 6.7 g/L
yeast nitrogen base without amino acids, 20 g/L maltose, and
Synthetic Complete Supplement Mixture (catalog number
4400–022; BIO101). All strains were grown with orbital shak-
ing at 200 rpm. YSC medium supplemented with Complete
Supplement Mixture without tryptophan (catalog number
4511-0x2; BIO101) was used to select and maintain yeast cells
transformed with pRS424-derived plasmids.

Construction of cDNA library and EST

The cDNA library was constructed as part of a C . magnoliae
JH110 EST sequencing project that contributed to the com-
prehensive characterization of gene expression when C .
magnoliae JH110 was exposed to external osmotic stresses
(unpublished data). The osmophilic yeast C . magnoliae

3570 Appl Microbiol Biotechnol (2014) 98:3569–3578



JH110 was grown at 30 °C in yeast–peptone medium (10 g/L
yeast extract and 20 g/L peptone) supplemented with 300 g/L
glucose, fructose, galactose, or sucrose, and then harvested by
centrifugation at 20,000×g for 5 min at 4 °C. The collected
pellet was washed once with sterile water, resuspended with
RNAlater solution (Ambion), and stored at −80 °C. Total
RNAwas extracted from each cultivation using the hot phenol
method (Köhrer and Domdey 1991), pooled, and used for
mRNA isolation with the PolyATtract mRNA Isolation Kit
(Promega). The cDNA library was synthesized with a cDNA
Synthesis Kit (Stratagene) and Gigapack III Gold Packaging
Cloning Kit (Stratagene) according to the manufacturer's in-
structions. The constructed library titer was 2.5×106 recom-
binant plaque-forming units and a total of 1,152 clones were
randomly chosen for sequencing. To generate C . magnoliae
JH110 ESTsequences, all of the sequences longer than 100 bp
were clustered by the CAP3 sequence assembly program
(Huang and Madan 1999).

Isolation of two fructose-specific transporters

The size of the cDNA clones containing the putativeCmFSY1
and CmFFZ1 sequences lacking the 5′-upstream region was
1,054 and 1,121 bp, respectively, when they were first isolated
by random sequencing of clones from the cDNA library of C .
magnoliae JH110. The deduced amino acid sequences of the
partial CmFSY1 and CmFFZ1 cDNAs showed high homolo-
gy to those of the previously reported hexose transporters of
other yeasts and fungi. The unknown genomic DNA se-
quences in the 5′-upstream region of the partial CmFSY1
and CmFFZ1 genes were identified by genome walking,
performed according to protocols of the manufacturer of the
DNA Walking SpeedUp Kit (Seegene). For the upstream
sequences, two PCR amplifications, a primary amplification
followed by nested PCR, were carried out. The primers used
for genome walking are shown in Table S1 (see the Supple-
mental Material). The complete nucleotide sequences of
CmFSY1 and CmFFZ1 were obtained after the 5′-flanking
regions of the partial CmFSY1 and CmFFZ1 genes were
cloned, sequenced, and assembled. Genomic DNA of C .
magnoliae JH110 was isolated with the DNeasy Blood &
Tissue Kit (Qiagen), but cell lysis was performed by
incubation at 30 °C for 90 min with Zymolyase (Sigma-
Aldrich). All PCR reactions were conducted with the
AccuPower HL PCR PreMix (Bioneer, South Korea)
and DNA sequences were determined at the National
Instrumentation Center for Environmental Management
(NICEM, South Korea).

Sequence analysis

Searches for nucleotide and protein sequence similarities were
conducted using the BLAST algorithm at the National Center

for Biotechnology Information website (NCBI, http://www.
ncbi.nlm.nih.gov/blast). The deduced amino acid sequences
were obtained using the web-based translation tool of the
Expert Protein Analysis System (ExPASy, http://web.expasy.
org/translate). The hydropathy profile of the transporters was
analyzed with the Protein Hydrophobicity Plots (http://www.
vivo.colostate.edu/molkit/hydropathy) (Kyte and Doolittle
1982). Multiple sequence alignment of the deduced amino
acid sequences ofCmFSY1 andCmFFZ1 was performedwith
the corresponding sequences from various organisms using
the GeneDoc program (Nicholas et al. 1997). On the basis of
these alignment results, a phylogenetic tree was constructed
with the MEGA 5.1 software (Tamura et al. 2011) using the
neighbor-joining method (Saitou and Nei 1987). A bootstrap
analysis (Felsenstein 1985) was performed with 1,000 repli-
cates to test the relative support for branches produced by the
neighbor-joining method. All analyzed sequences of trans-
porters were retrieved from the GenBank database (http://
www.ncbi.nlm.nih.gov/genbank).

Plasmid and strain construction

Next, we constructed the expression plasmids pFSY1 and
pFFZ1, which express CmFSY1 and CmFFZ1 fused with N-
terminal hemagglutinin (HA) and C-terminal green fluores-
cence protein (GFP), respectively. For this, GFP was amplified
using the pGFP plasmid (Clontech) with the primers GFP1
(CCGGAATTCATGAGTAAAGGAGAAGAACTTTTCAC,
EcoRI site is underlined) and GFP2 (ACGCGTCGAC
CTATTTGTATAGTTCATCCATGCCAT, Sal I site is
underlined) and inserted into the high-copy number plasmid
pRS424, which is carrying the strong and constitutive glycer-
aldehyde 3-phosphate dehydrogenase promoter, and the cyto-
chrome c oxidase terminator of S . cerevisiae (Mumberg et al.
1995), digested with EcoRI and SalI restriction enzymes,
resulting in plasmid p424GFP. The CmFSY1 open reading
frame was PCR-amplified from the C . magnoliae JH110 ge-
nomic DNA with the primers FSY1F (CGGAATTCATG
TCTACCACTGACATTAAGCTTGA, EcoRI site is
underlined) and FSY1R (GGGATCCCTATACAGAGCTCTT
CACAGAGATTGTG, BamHI site is underlined) and subse-
quently cloned into plasmid pMK486, which contains 3×HA
epitopes at the 5′ end of the multiple cloning site, to generate
the plasmid pHACmFSY1. The 3×HA-CmFSY1 was obtained
by PCR amplification from the pHACmFSY1 and then cloned
into p424GFP, creating the plasmid pFSY1. For the construc-
tion of pFFZ1, CmFFZ1 fused with an N-terminal 1×HA
epitope was PCR-amplified with the primers HFFZ1F
(GACTAGTATGTACCCATACGATGTTCCTGACTAT-
GGTGAAGTTGGGTGCTTCTG, the SpeI site is underlined
and the HA epitope is in bold) and HFFZ1R (GGAATTCT
TAGAAGATCTCCACGTTCTTCTGC, the EcoRI site is
underlined) and inserted into the p424GFP digested with the
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restriction enzymes SpeI andEcoRI. Transformation of pFSY1
or pFFZ1 into S . cerevisiae EBY.VW4000 was performed
using the lithium acetate method as described (Schiestl and
Gietz 1989).

Subcellular localization analysis

To examine the expression of both C . magnoliae JH110 trans-
porters in the S . cerevisiae EBY.VW4000 strain, protein im-
munoblot analysis was carried out using an HA antibody.
Membrane fractions of the EBY.VW4000 strains expressing
each transporter were prepared according to the procedure
described previously (Krampe et al. 1998). Proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE, 8 % polyacrylamide) and electrophoret-
ically transferred to a polyvinylidene difluoride membrane. The
membrane was incubated in 5 % (w /v) skim milk solution in
TBST buffer (20 mM Tris–HCl, 150 mM NaCl, 0.05 % [v /v]
Tween-20) for 1 h at room temperature. The HA-probe (Santa
Cruz Biotechnology), diluted 1/200 in TBST buffer, was incu-
bated overnight with shaking. The blots were washed three
times in TBST and incubated for 30 min at room temperature
with an anti-mouse IgG alkaline phosphatase conjugate
(Sigma-Aldrich). The reaction was visualized using the chro-
mogenic substrate 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium (Sigma-Aldrich). A confocal laser scan-
ning microscope (MRC-1024, Bio-Rad) was used to determine
the subcellular localization of the GFP-fused transporters in
transformed yeast cells. Exponentially growing cells were
immobilized on microscope slides and the excitation and emis-
sion spectra of whole cell suspensions in 0.1 M potassium
phosphate buffer, pH 6.5, were scanned. The spectra of cells
expressing HA-CmFSY1 -GFP or HA-CmFFZ1 -GFP were
normalized to cell density and corrected for background by
subtraction of the spectra determined for cells harboring the
empty plasmid pRS424 cultured under identical conditions.
Emission spectra were collected between 500 and 550 nm, with
excitation at 489 nm and excitation and emission slit width of
3 nm.

Sugar uptake and proton symport assays

For the drop-test assay, S . cerevisiae EBY.VW4000 trans-
formed with pFSY1 or pFFZ1 was harvested in the exponential
phase and resuspended in sterile water to an optical density at
600 nm of 1.0. Cells were serially diluted in 20-fold steps and
10 μL of each diluted solution was spotted onto a tryptophan-
free YSC plate supplemented with 2 % (w /v ) of maltose,
glucose, fructose, mannose, galactose, xylose, arabinose, ribose,
sorbitol, or mannitol and incubated at 30 °C for 2 days. For the
determination of fructose-triggered proton symport, yeast cells
were grown in YSC medium to an exponential phase, washed
three times with sterile water, and resuspended in sterile water to

an optical density at 600 nm of 10. The cell suspension was
incubated with stirring at 30 °C and the extracellular pH was
recorded. Fructose solutions were added to a final concentra-
tion of 5 mM.

Kinetic sugar transport studies

The initial uptake rate of D-[U-14C]fructose was determined as
described previously (Loureiro-Dias and Peinado 1984). In
brief, yeast cells were grown to an optical density at 600 nm of
0.8, harvested, and washed with demineralized ice-cold water.
Cells were resuspended in 100 mMTris-citrate buffer, pH 5.0,
and equilibrated at 28 °C for 10 min. The transport assay was
started by adding labeled sugars (D -[U-14C]fructose or
D-[U-14C]glucose) and stopped after 5 s by adding ice-cold
demineralized water and filtering the suspension. The filter
was washed with ice-cold demineralized water, after which
the scintillation fluid was added. Incorporation of radioactivity
was measured by standard scintillation counting. Kinetic pa-
rameters were determined from transport activity measure-
ments with various concentrations of fructose or glucose.

Nucleotide sequence accession number

The nucleotide sequences of CmFSY1 and CmFFZ1 have
been submitted to the GenBank database under accession
numbers KC147727 and KC147728, respectively.

Results

Cloning of CmFSY1 and CmFFZ1

The cDNA library of C . magnoliae JH110 was constructed
and used for the generation of ESTs (unpublished data).
Among the more than 1,000 randomly sequenced EST se-
quences, a homology search of the NCBI database revealed
that two ESTs encoded partial amino acid sequences with
substantial similarity to the fructose-specific transporters
FSY1 from S . pastorianus (Goncalves et al. 2000) and FFZ1
from Z . bailii (Pina et al. 2004). On the basis of these cDNA
sequences, a 1,054-bp (CmFSY1) or 1,121-bp (CmFFZ1) se-
quence containing parts of the coding regions of the putative
fructose transporter genes ofC .magnoliae JH110was used for
genome walking PCR, a technique with which a known se-
quence region is extended to its unidentified flanking regions
(Hwang et al. 2003). Two full-length cDNA sequences of a
1,987-bp gene encoding CmFSY1 and a 2,163-bp gene
encodingCmFFZ1 consisted of a single 1,725-bp open reading
frame coding for a polypeptide of 574 amino acids with a
calculated molecular weight of 63.27 kDa and 1,749-bp open
reading frame coding for a protein of 582 amino acids with a
predicted molecular mass of 65.20 kDa, respectively.
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Comparison of theCmFSY1 and CmFFZ1 genomic sequences
with cDNA fragments obtained with reverse transcription-PCR
revealed that the coding region of the two putative fructose
transporters harbors no intron.

Sequence analysis of CmFSY1 and CmFFZ1

The deduced amino acid sequences ofCmFSY1 andCmFFZ1
were used for a similarity search with reported hexose trans-
porters of other yeasts and fungi. CmFsy1p shares 61 %
primary amino acid sequence identity and 77 % similarity
with a putative sugar transporter of Debaryomyces hansenii
(XM_461227). CmFfz1p exhibited the highest identity to Z .
bailii Ffz1p (CAD56485, 68 % identity) followed by that of
recently isolated Z . rouxii Ffz1p (CAR31108, 67 % identity)
and Ffz2p (CAR28354, 62 % identity). The core 11–12
transmembrane-spanning domains were identified in both
CmFsy1p and CmFfz1p (Fig. 1a), which is a characteristic
of all hexose transporters and other carriers in the major
facilitator superfamily (Saier et al. 1999). To investigate the
structural specificity of the two fructose transporters, a phylo-
genetic tree was constructed on the basis of the full-length
amino acid sequences of sugar transporters from various
yeasts and fungi (Fig. 1b). Three distinct clusters were formed:

the Fsy1p cluster, including CmFsy1p and three functionally
characterized high-affinity fructose symporters (Fsy1p from
S . pastorianus and two Ffz1p proteins from K . lactis and B .
cinerea), the Ffz1p cluster containing CmFfz1p and recently
isolated and characterized fructose-specific transporters
(Ffz1p and Ffz2p from Z . rouxii and Ffz1p from Z . bailii),
and the Hxtp cluster, including the hexose facilitator proteins.
The Ffz1p cluster, which includes CmFfz1p, is apparently far
related to other known yeast hexose transporters covering
other fructose transporters characterized so far (Fig. 1b).

Functional expression in S . cerevisiae EBY.VW4000

To examine the functionality of the CmFSY1 and CmFFZ1
genes, the two transporter genes were cloned into the yeast
expression vector pRS424 harboring HA and GFP. The
resulting constructs pFSY1 and pFFZ1, which have the
CmFSY1 and CmFFZ1 genes fused with N-terminal HA
and C-terminal GFP, respectively, were used to transform the
yeast strain EBY.VW4000, which lacks 20 genes for hexose
transporters but can grow onminimal mediumwith maltose as
sole carbon source (Wieczorke et al. 1999). Expression of
both C . magnoliae JH110 transporters in the EBY.VW 4000
strain was verified by western blot analysis using an HA

Fig. 1 Transporter topology prediction (a) and phylogenetic analysis (b)
of two fructose-specific transporters ofC .magnoliae JH110. a Topology
prediction based on hydrophobicity was conducted using the Protein
Hydrophobicity Plots with a window size of 15 (Kyte and Doolittle
1982). Hydrophobicity values are on the y-axis and the amino acid
residue numbers are on the x-axis. The 12 predicted membrane-spanning
domains (TM 1 to 12) are numbered. The upper and lower plots are for

CmFsy1p andCmFfz1p, respectively. b A phylogenetic tree based on the
similarity of deduced amino acid sequences was constructed with MEGA
5.1 software using the neighbor-joining method (applied to 1,000 boot-
strap data sets) (Tamura et al. 2011). GenBank accession numbers are
given after the species' designation. Protein acronyms are only noted for
transporters that have been experimentally characterized. Numbers at
nodes are bootstrap values based on 1,000 samplings
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antibody (Fig. 2a). Incorrect localization of plasma membrane
proteins overproduced in a heterologous context in the host
cell has often been described (Wieczorke et al. 2003). In order
to test this possibility, GFP was used as a reporter for the
subcellular localization of heterologously expressed CmFSY1
and CmFFZ1 genes. Because fluorescence was clearly detect-
ed at the periphery of the transformed cells, both fusion
proteins were correctly targeted to the plasma membrane of
EBY.VW4000 (Fig. 2b). Moreover, the EBY.VW4000 strain
harboring pFSY1 or pFFZ1 can grow on minimal medium
with 2 % (w /v ) fructose (specific growth rate—0.12±0.01 h−1

for pFSY1 and 0.15±0.02 h−1 for pFFZ1), thereby confirming
that both fusion proteins are functional fructose transporters
located in the plasma membrane. Taken together, these results
demonstrated that both fructose transporters are successfully
expressed and correctly directed to the plasma membrane of
S . cerevisiae EBY.VW4000.

Transport properties of CmFsy1p and CmFfz1p

Most hexose transporters from different organisms employ
energy-independent facilitated diffusion or an active proton
symport process (Leandro et al. 2009). To probe the involve-
ment of protons in both fructose transporters, fructose-induced
pH changes in aqueous cell suspensions were determined
using EBY.VW4000 expressing CmFSY1 or CmFFZ1 . Pro-
ton influx resulting in external alkalization was observed
when 5 mM fructose was added to aqueous suspensions of
the fructose-grown cells expressing CmFSY1 but not
CmFFZ1 (Fig. 3), as indicated by an increase in the

extracellular pH triggered by the addition of 5 mM fructose.
These results indicated that only CmFSY1 encodes a proton-
coupled fructose transporter. To further examine the transport
properties of the fructose transporters, a drop-test assay was
conducted on solid minimal medium with different carbon
sources. As expected, all strains grew equally well onmaltose,
which is taken up by a specific transport system of the
EBY.VW4000 strain (Fig. 4). Expression of the CmFSY1
and CmFFZ1 genes was able to restore growth on fructose,
whereas no growth was observed on glucose (Fig. 4). In
addition, growth on other hexoses (mannose and galactose),
pentoses (xylose, ribose, and arabinose), or hexitols (sorbitol
and mannitol) was also monitored. All strains showed no
growth on any of these carbon sources (data not shown).
Collectively, these results suggest that the CmFSY1 and
CmFFZ1 genes encode a fructose-specific proton symporter
and facilitative fructose transporter of C . magnoliae JH110,
respectively.

Characterization of the kinetic parameters of CmFsy1p
and CmFfz1p

The substrate specificity assessed by the earlier growth exper-
iments was validated by measuring the initial rate of uptake of
D-[U-14C]fructose or D-[U-14C]glucose in EBY.VW4000
cells expressing CmFSY1 or CmFFZ1 . No D-[U-14C]glucose
uptake could be observed (data not shown). A detailed anal-
ysis of their fructose affinities revealed that CmFsy1p is a
high-affinity fructose-specific transporter with low capacity
(KM=0.13±0.01 mM, Vmax=2.1±0.3 mmol h−1 [gdw]−1),
whereasCmFfz1p is a low-affinity fructose-specific transport-
er with high capacity (KM=105±12 mM, Vmax=8.6±
0.7 mmol h−1 [gdw]−1) (Fig. 5). The kinetic characteristics

Fig. 2 Heterologous expression (a) and subcellular localization (b) of
two fructose-specific transporters ofC .magnoliae JH110. a Western blot
detection was performed using a hemagglutinin (HA) antibody. Both
CmFsy1p and CmFfz1p were expressed as fusion proteins with N-termi-
nal HA and C-terminal green fluorescent protein (GFP) in Saccharomy-
ces cerevisiae EBY.VW4000 lacking the ability to take up hexoses.
Membrane fractions of EBY.VW4000 expressing the CmFSY1 or
CmFFZ1 gene were prepared and used for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and subsequent immunoblot analysis.
b Subcellular localization of both transporters in EBY.VW4000 cells was
determined by confocal microscopy. Fluorescence of CmFsy1p or
CmFfz1p fused with GFP was observed at the cell surface

Fig. 3 Proton-coupled fructose symport mediated by CmFsy1p.
Changes in the extracellular pH following addition of 5 mM fructose
(arrow) to aqueous suspensions of yeast cells cultivated on maltose.
Saccharomyces cerevisiae EBY.VW4000 cells harboring pFSY1 (filled
triangle), pFFZ1 (filled square), or pRS424 (control, filled circle)
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of fructose-specific transporters are summarized in Table 1.
When comparing the kinetic parameters described for proton-
coupled fructose symporters of other yeast strains, the affinity
(KM) and transport capacity (Vmax) of CmFsy1p for fructose
were comparable with those of S . pastorianus (Goncalves
et al. 2000), K . lactis Fsy1p (Diezemann and Boles 2003),
and S . cerevisiae EC1118 (Galeote et al. 2010), whereas the
KM value of CmFsy1p was much lower than the value deter-
mined in the B . cinerea fructose–proton symporter (Table 1).
For CmFfz1p, the KM value was similar to that of Z . bailii
Ffz1p (Pina et al. 2004), but approximately four times lower
than the value of Z . rouxii Ffz1p (Leandro et al. 2011)
(Table 1).

Discussion

In this study, we investigated the first two functional fructose-
specific transporters, CmFsy1p and CmFfz1p, identified in
the fructophilic yeast C . magnoliae JH110, which differ in
both their substrate affinity and transport capacity. (1) The
CmFsy1 and CmFfz1 proteins are highly similar to functional

fructose transporters from other yeasts. (2) Their expression in
a S . cerevisiae hexose-transporter-deficient strain supports
growth on fructose as sole carbon source. (3) Measurements
of the initial fructose uptake rate and proton influx showed
that CmFsy1p is a high-affinity fructose–proton symporter
with low capacity and CmFfz1p is a low-affinity fructose-
specific facilitator with high capacity.

Most yeast hexose transporters characterized at the molecu-
lar level are glucose transporters that do not differentiate be-
tween glucose and fructose as the substrate (Leandro et al.
2009). In S . cerevisiae , the affinity of hexose transporters for
glucose is 5 to 10 times higher than that for fructose (Cirillo
1968; Kotyk 1967). Some exceptions to this are the high-
affinity fructose-specific proton symporters first reported in
the nonconventional yeasts S . pastorianus and S . bayanus
(Cason et al. 1986; Goncalves et al. 2000; Sousa et al. 2004),
which seem to be phylogenetically unrelated to the glucose
transporters. In this study, CmFsy1p forms a Fsy1p cluster in
the phylogenetic tree with four experimentally characterized
proton–fructose symporters: Fsy1ps from S . pastorianus and
S . cerevisiae EC1118 (Galeote et al. 2010; Goncalves et al.
2000), Frt1p from K . lactis (Diezemann and Boles 2003), and

Fig. 4 Functional analysis of CmFsy1p and CmFfz1p expressed in
Saccharomyces cerevisiae EBY.VW4000. Cells were serially diluted
20-fold (left to right), spotted on solid minimal medium supplemented

with 2 % (w /v) maltose, glucose, or fructose and grown at 30 °C for
2 days. EBY.VW4000 cells transformed with pRS424 were used as a
control strain

Fig. 5 Kinetic characteristics of fructose transport by yeast cells expressingCmFSY1 (a) orCmFFZ1 (b). Concentration-dependent transport activity of
D-[U-14C]fructose was measured and cells were incubated for 5 s with D-[U-14C]fructose
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BcFrt1 from B . cinerea (Doehlemann et al. 2005), suggesting
that these energy-dependent active proton–fructose symporters
have a common phylogenetic background (Fig. 1b). On the
other hand, CmFfz1p is phylogenetically more distant from
other described fungal hexose transporters. CmFfz1p and three
Zygosaccharomyces fructose-specific transporters form a new
fructose transport family, the Ffz1p cluster. These transporters
are unrelated to other glucose or fructose transporters charac-
terized so far, indicating that these fructose transporters using a
facilitated diffusion system evolved differently from the other
sugar transporter family members (Fig. 1b). Recently, two
fructose-specific transporters were characterized in the
fructophilic yeast Z . rouxii and classified into a new family
of yeast sugar porters (Leandro et al. 2011). All members of this
new fructose transporter family contain several highly con-
served motifs that are different from those conserved in yeast
hexose transporters (Pina et al. 2004). Those conserved motifs
covering the 12 putative transmembrane domains are also
observed in CmFfz1p (see Fig. S1 in the Supplemental Mate-
rial). The other fungal fructose transporters belong to the large
sugar porter family (Leandro et al. 2009) that transports both
glucose and fructose by facilitated diffusion and has a higher
affinity for glucose than fructose (e.g., S . cerevisiae hexose
transporters). In addition to the fungal kingdom, one more type
of eukaryotic fructose transporters, typified by the human
facilitative fructose transporter GLUT5, was characterized
(Kane et al. 1997). Whereas almost all eukaryotes have several
copies of glucose transporters, some taxa seem to possess only
one to approximately two copies of fructose-specific trans-
porters. Among prokaryotes, only two fructose-specific ABC
transporters with high affinity have been identified in the gram-
negative bacterium Sinorhizobium meliloti (Lambert et al.
2001) and the gram-positive bacterium Bifidobacterium
longum NCC 2705 (Wei et al. 2012).

When introduced in a S . cerevisiae mutant unable to trans-
port fructose and glucose, both C . magnoliae fructose

transporters were successfully expressed (Fig. 2a) and correct-
ly targeted to the plasma membrane (Fig. 2b), thus supporting
cell growth in the presence of fructose, but not glucose. The
specific growth rate of the S . cerevisiae mutant expressing the
CmFSY1 gene on fructose was lower than that of the
CmFFZ1 -expressing mutant, indicating that CmFsy1p has a
lower capacity for fructose than CmFfz1p. This was also
corroborated by determining their kinetic parameters. The
two transporters of C . magnoliae JH110 have the same sub-
strate specificity but differ in their kinetic parameters.
CmFsy1p was shown to be a high-affinity fructose-specific
transporter with low capacity, whereas CmFfz1p was shown
to be a low-affinity fructose-specific transporter with high
capacity (Fig. 5). In general, the fructose–proton symporters
characterized in yeasts show higher affinities and lower ca-
pacity than facilitated diffusion systems (Loureiro-Dias 1987;
Peinado et al. 1989; Spencer-Martins and Van Uden 1985).

In contrast to S . cerevisiae , where hexoses are taken up
only by facilitated diffusion, we have demonstrated that C .
magnoliae JH110 harbors also an active fructose uptake sys-
tem coupled with proton symport, CmFsy1p. To our knowl-
edge, there is no previous report about the identification of
two fructose-specific transporters from a single yeast. Even in
the fructophilic yeasts Z . bailii and Z . rouxii , only fructose
facilitators were identified and characterized. Although two
fructose transporters (ZrFfz1p and ZrFfz2p) were recently
identified in the osmotolerant and fructophilic Z . rouxii
(Leandro et al. 2011), only ZrFfz1p is a fructose-specific
facilitator; ZrFfz2p is a facilitator transporting glucose and
fructose with similar affinity. In fructose-rich environments,
the concentration gradient across the plasma membrane of C .
magnoliae JH110 is sufficient to maintain an active catabo-
lism because fructose crosses the membrane by facilitated
diffusion without energy dissipation. Thus, the presence of a
low-affinity and high-capacity fructose-specific transporter in
C . magnoliae JH110 (CmFfz1p) is in agreement with the fact

Table 1 Kinetic parameters of fructose-specific transporters characterized in yeasts and fungi

Yeasts and fungi Gene Function KM (mM) Vmax (mmol h−1 [gdw]−1) Reference

Saccharomyces pastorianus FSY1 H+ symporter 0.16±0.02 3.8±0.2 Goncalves et al. (2000)

Saccharomyces cerevisiae EC1118 FSY1 H+ symporter 0.24±0.04 0.93±0.08 Galeote et al. (2010)

Kluyveromyces lactis FRT1 H+ symporter 0.16±0.02 0.10±0.02a Diezemann and Boles (2003)

Botrytis cinerea FRT1 H+ symporter 1.1 0.66b Doehlemann et al. (2005)

Zygosaccharomyces rouxii FSY1 H+ symporter 0.45±0.07 0.57±0.02 Leandro et al. (2013)

Candida magnoliae JH110 FSY1 H+ symporter 0.13±0.01 2.1±0.3 This study

Zygosaccharomyces bailii FFZ1 Facilitator 80.4 3.3 Pina et al. (2004)

Zygosaccharomyces rouxii FFZ1 Facilitator 424.2±163.1 12.7±3.3 Leandro et al. (2011)

Candida magnoliae JH110 FFZ1 Facilitator 105±12 8.6±0.4 This study

a The Vmax value was recalculated from the original result (1.7±0.4 mmol min−1 [mgdw]−1 ) to match the dimension (millimole per hour per gram dry
weight)
b The Vmax value was estimated from the Michaelis–Menten plot provided in the reference
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that this yeast is isolated from high-fructose content honey-
combs. In environments where fructose is present in low
concentrations, C . magnoliae JH110 utilizes a proton motive
force for fructose transport, i.e., through the high-affinity and
low-capacity fructose-specific transporter CmFsy1p. Energy
is then necessary to provide an adequate intracellular concen-
tration of fructose to maintain the metabolism. This active
transport mechanism and the high affinity of the transporter
support the uptake of sugars even at very low concentrations.
These characteristics are common in Crabtree-negative yeasts,
including C . magnoliae JH110 (Van Urk et al. 1989).

In this study, we identified and characterized two fructose-
specific transporters inC .magnoliae JH110. Their expression
and engineering in industrial yeast strains could improve
fructose uptake and, consequently, the performance of the
engineered yeasts in the production of biofuels and chemicals
from fructose-rich feedstock. More works are in progress to
assess the effects of the expression of these fructose trans-
porters on bioconversion of fructose-rich inulin to ethanol or
erythritol in engineered S . cerevisiae orC .magnoliae JH110,
respectively.
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