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ABSTRACT: The fungal L-arabinose pathway consists of five enzymes, aldose reductase,L-arabinitol
4-dehydrogenase,L-xylulose reductase, xylitol dehydrogenase, and xylulokinase. All the genes encoding
the enzymes of this pathway are known except for that ofL-xylulose reductase (EC 1.1.1.10). We identified
a gene encoding this enzyme from the filamentous fungusTrichoderma reesei(Hypocrea jecorina). The
gene was namedlxr1. It was overexpressed in the yeastSaccharomyces cereVisiae, and the enzyme activity
was confirmed in a yeast cell extract. Overexpression of all enzymes of theL-arabinose pathway in
S. cereVisiae led to growth ofS. cereVisiaeon L-arabinose; i.e., we could show that the pathway is active
in a heterologous host. Thelxr1 gene encoded a protein with 266 amino acids and a calculated molecular
mass of 28 428 Da. The LXRI protein is an NADPH-specific reductase. It has activity withL-xylulose,
D-xylulose,D-fructose, andL-sorbose. The highest affinity is towardL-xylulose (Km ) 16 mM). In the
reverse direction, we found activity with xylitol,D-arabinitol, D-mannitol, andD-sorbitol. It requires a
bivalent cation for activity. It belongs to the protein family of short chain dehydrogenases. The enzyme
is catalytically similar and homologous in sequence to aD-mannitol:NADP 2-dehydrogenase (EC 1.1.1.138).

L-Arabinose is a major constituent of plant material (1).
An L-arabinose catabolic pathway is therefore a relevant
pathway for microorganisms which live on decaying plant
material and also for biotechnology when cheap raw materi-
als are used. An example is to make fuel ethanol from
agricultural waste residues such as corn fiber, which is
particularly rich inL-arabinose. Approximately a third of the
corn fiber xylan isL-arabinose (2). In this context, it is
interesting to have anL-arabinose catabolic pathway in an
ethanol- and inhibitor-tolerant organism likeSaccharomyces
cereVisiae.

Two distinct bacterial and fungal pathways are known for
the catabolism ofL-arabinose. The bacterial pathway consists
of L-arabinose isomerase (EC 5.3.1.4), ribulokinase (EC
2.7.1.16), andL-ribulose phosphate 4-epimerase (EC 5.1.3.4).
The pathway and the genes of this pathway are well-
established (3). About the fungal pathway only little is
known. The fungal pathway was first described by Chiang
and Knight (4). It consists of aldose reductase (EC 1.1.1.21),
L-arabinitol 4-dehydrogenase (EC 1.1.1.12),L-xylulose re-
ductase (EC 1.1.1.10),D-xylulose reductase (EC 1.1.1.9), and
xylulokinase (EC 2.7.1.17) which convertL-arabinose to
L-arabinitol,L-xylulose, xylitol, D-xylulose, andD-xylulose
5-phosphate, respectively. The path fromL-arabinose to
D-xylulose is shown in Figure 1. The path consists of two

reducing and two oxidizing steps with the reducing
steps being NADPH-linked and the oxidizing steps being
NAD-linked. Fungal aldose reductases which have activity
with L-arabinose are known fromPichia stipitis (5) and
S. cereVisiae (6), and their corresponding genes are known
(7, 8). The gene for anL-arabinitol 4-dehydrogenase is known
from Trichoderma reesei(9). Genes forD-xylulose reductases
are known fromP. stipitis (10), S. cereVisiae (8), and T.
reesei(11). A D-xylulokinase gene is known forS. cereVisiae
(12). A fungal gene forL-xylulose reductase is not known.
In this paper, we describe the identification of a gene from
the filamentous fungusT. reesei(Hypocrea jecorina) encod-
ing an L-xylulose reductase and the functional expression
of this gene inS. cereVisiae. We also expressed the gene
together with all the other genes of theL-arabinose pathway,
which led to a functional pathway, i.e., growth of
S. cereVisiae on L-arabinose.

EXPERIMENTAL PROCEDURES

Yeast Strain for Screening.AlthoughS. cereVisiaehas the
genes for aldose reductase,D-xylulose reductase, and xylu-
lokinase in the genome, it cannot grow on xylose, because
these genes are not adequately overexpressed. The yeast
strain used for screening was therefore constructed fromS.
cereVisiae strain CEN.PK2 (VW1b) as follows. First, the
XYL1 and XYL2 genes fromP. stipitis encoding aldose
reductase andD-xylulose reductase, respectively, and the
XKS1gene fromS. cereVisiae encoding xylulokinase were
added. TheXYL1andXYL2genes under constitutive promot-
ers (13) and theXKS1gene under a consititutive promoter
(14) were integrated into the chromosomes by targeted
integration. The resulting strain (H2217) is auxotrophic for
leucine and uracil. TheL-arabinitol 4-dehydrogenase (lad1)
was cloned as described previously (9). TheEcoRI, BamHI
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fragment was ligated to the corresponding sites of pYX 242
(R&D Systems), which is a yeast expression vector with a
constitutive promoter and withLEU2 as a selection marker,
and transformed to strain H2217, resulting in strain H2597.
The activities of aldose reductase,D-xylulose reductase,
xylulokinase, andL-arabinitol 4-dehydrogenase were con-
firmed in a yeast extract.

Screening.A cDNA library from T. reesei(H. jecorina)
in the yeast expression vector pAJ401 which contained the
URA3 gene as a selection marker (15) was transformed to
strain H2597. Transformants were first grown on glucose
plates with selective medium and then replica plated to plates
containing 5%L-arabinose as the sole carbon source and
selective medium.

From transformants which exhibited growth onL-arabi-
nose, the plasmids were rescued. Two types of plasmids were
rescued from each colony, plasmids with thelad1andLEU2
genes and plasmids from the cDNA library with theURA3
marker. The plasmids with thelad1 gene were identified by
PCR, and plasmids without thelad1 gene were sequenced.

OVerexpression of theL-Xylulose Reductase.The open
reading frame of theL-xylulose reductase was cloned by PCR
from the cDNA library. The primer for the N-terminus
(GCCGAATTCATCATGCCTCAGCCTGTCCCCAC-
CGCC) contained an additionalEcoRI restriction site
(underlined), and the primer for the C-terminus (CGC-
C A A G C T T T T A T C G T G T A G T G T A A C C T C -
CGTCAATCAC) contained an additionalHindIII restriction
site (underlined). The resulting fragment was then cloned to
a TOPO vector (Invitrogen). The resulting vector was
digested withEcoRI andHindIII, and the resulting fragment
of ∼0.8 kb was ligated to the corresponding sites of the
pYX242 vector (R&D Systems), which is a multicopy yeast
expression vector with a triosephosphate isomerase (TPI)
promotor, a strong constitutive promotor, andLEU2 for
selection. The plasmid was then transformed toS. cereVisiae
strain CEN.PK2.

Histidine Tag.To make a histidine tag with six histidines
at the C-terminal end of the protein, thelxr1 gene was cloned

by PCR with primers encoding the histidine tag. The
following primers were used for the N-terminus (GC-
CGAATTCATCATGCCTCAGCCTGTCCCCACCGCC) and
the C-terminus (GGATCCTTAATGATGATGATGATGAT-
GTCGTGTAGTGTAACCTCCGTCAATCAC). The addi-
tional restriction sitesEcoRI andBamHI are underlined. The
resulting PCR product was cloned to a TOPO vector, the
resulting vector digested withEcoRI and BamHI, and the
resulting 0.8 kb fragment ligated to the corresponding sites
of the pYX242 vector.

For the N-terminal histidine tag, primers were used for
the N-terminus (CGAATTCATCATGCATCATCATCAT-
CATCATGCCATCATGCCTCAGCCTGTCCCCACC) and
the C-terminus (CGCCAAGCTTTTATCGTGTAGTGTAAC-
CTCCGTCAATCAC). For the N-terminal histidine tag, six
histidines were added after the start codon. Between the
histidine tail and the original protein, an additional alanine
and isoleucine were inserted. The cloning and ligation to an
expression vector was carried out as with the C-terminal
histidine tag except that the restriction enzymesEcoRI and
HindIII were used. The plasmids were then transformed to
S. cereVisiae strain CEN.PK2.

Purification of the Enzyme with the N-Terminal Histidine
Tag. The S. cereVisiae cells overexpressing theL-xylulose
reductase with the N-terminal histidine tag were grown on
selective medium with glucose as a carbon source, harvested,
and extracted by vortexing with glass beads. The enzyme
was then purified from the crude extract with a Ni-NTA
column (Quiagen) according to the manufacturer’s descrip-
tion.

Enzyme ActiVity Measurements.For the standard procedure
assay ofL-xylulose reductase, the reverse reaction was
assessed by adding the enzyme preparation to a reaction
mixture containing 100 mM Tris-HCl (pH 9.0), 1.6 M xylitol,
and 0.5 mM MgCl2. The reaction was then started by adding
NADP to a final concentration of 2 mM. The activity was
then calculated from the rate of the increase in NADPH
absorbance an 340 nm. Xylitol was replaced by other sugar
alcohols when specified. The activity in the direction with

FIGURE 1: FungalL-arabinose pathway.L-Arabinose is converted toD-xylulose in four steps (two reductions and two oxidations). The
reductions are coupled to an oxidation of NADPH and the oxidations to a reduction of NAD.D-Xylulose is subsequently phosphorylated
by xylulokinase to formD-xylulose 5-phosphate which is a metabolite of the pentose phosphate pathway. Carbon atom C-4 ofL-arabinose
becomes C-2 ofL-xylulose and C-4 ofD-xylulose. Both possible Fischer projections ofL-arabinitol and xylitol are shown to clarify the
stereochemistry.
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sugars as substrates was measured by adding the enzyme
preparation to a reaction mixture containing 100 mM Hepes-
NaOH (pH 7.0), 2 mM MgCl2, and 0.2 mM NADPH. The
sugar was then added to the desired final concentration. The
activity was calculated from the rate of the decrease in
NADPH absorbance at 340 nm. Magnesium ions were
replaced with other ions if specified. All enzyme assays were
carried out in a Cobas Mira automated analyzer (Roche) at
30 °C.

Identification of the Product by HPLC.The reaction
products were identified by HPLC analysis. In the forward
direction, 6 nkat/mL of purified protein was added to a
reaction mixture containing 100 mM Hepes-NaOH (pH 7.0),
2 mM MgCl2, 2 mM NADPH, and the specified sugar (20
mM). In the reverse direction, the same enzyme amount was
added to a reaction mixture containing 100 mM Tris-HCl
(pH 9.0), 2 mM MgCl2, 10 mM NADP, and the specified
sugar alcohol (20 mM). The reaction mixtures were incubated
for several hours at room temperature before they were
analyzed by HPLC. An Aminex Pb column (Bio-Rad) at a
working temperature of 85°C was used with water at a flow
rate of 0.6 mL/min. The products were detected by a Waters
410 RI detector.

RESULTS

Screening for theL-Xylulose Reductase.A yeast strain,
H2597 (see Experimental Procedures), which expressed all
genes of theL-arabinose pathway, except for a gene for the
L-xylulose reductase was used for the screening. AT. reesei
cDNA library ligated into a yeast expression vector was
transformed into this yeast strain, and 750 000 transformants
were screened for growth onL-arabinose. After 3-4 weeks,
approximately 16 colonies appeared. For yeast from one
colony, the doubling time was estimated in liquid medium
to be∼5 days. Eight of these colonies were analyzed further.
They were not identical clones, but their plasmids contained
identical open reading frames with different amounts of DNA
between the expression vector and the start codon. We named
the genelxr1 for L-xylulose reductase. The sequence was
submitted to GenBank (accession number AF375616). The
open reading frame encodes a protein with 266 amino acids
and a calculated molecular mass of 28 428 Da. It belongs to
the protein family of short chain dehydrogenases (16).

OVerexpression of theL-Xylulose Reductase in S. cereVi-
siae.One of the plasmids with thelxr1 gene obtained in the
screening was retransformed to the CEN.PK strain. From
the resulting strain, an extract was made by vortexing with
glass beads and tested forL-xylulose reductase activity. We
found an activity of 2-3 nkat of NADP reduced per
milligram of extracted protein by using our standard proce-
dure to assess the reverse reaction ofL-xylulose reductase.
Thelxr1 gene was also ligated into the pYX242 vector under
the TPI promoter. Similar constructs using the same plasmid
with the TPI promoter were made with anlxr1 gene which
was modified so that it would translate into a protein with
either an N-terminal or a C-terminal histidine tag. These
plasmids were also transformed to the CEN.PK strain.
Activity was found with the construct with thelxr1 gene
without a histidine tag and thelxr1 gene with an N-terminal
histidine tag. These constructs had the same activity of 4
nkat per milligram of extracted protein. Using the construct

with the C-terminal histidine tag, noL-xylulose reductase
was detected in the yeast extract by the standard assay (<0.2
nkat/mg).

Catalytic Properties.The LXRI with the N-terminal
histidine tag was purified and used for catalytic studies. An
SDS-PAGE gel of the purified enzyme is shown in Figure
2. From this SDS-PAGE gel, one can estimate a molecular
mass of 33 kDa which is in good agreement with the
calculated molecular mass of the enzyme with the histidine
tag (29 565 Da). The purified enzyme had an activity of
∼150 nkat/mg in our standard procedure.

With the purified enzyme, we also tested the forward
reaction withL-xylulose and NADPH as substrates. We found
a Vmax of 75 ( 10 nkat/mg and aKm for L-xylulose of 16(
3 mM. With 100 mM phosphate instead of Hepes as a buffer,
theVmax was lowered by a factor of 3. We tested if the MgCl2

could be left out and found no activity in the absence of
MgCl2 under otherwise identical conditions. With CaCl2 and
Hepes as a buffer, we found an activity similar to that with
MgCl2; with MnCl2, the activity was∼10% of the activity
with MgCl2. The enzyme had no activity with NADH as a
cofactor.

We also found activity with NADPH and the sugars
D-xylulose, D-fructose, andL-sorbose and no activity with
D-tagatose. We also found no activity with the aldose sugars
D-glucose,D-mannose, andD-xylose. For D-fructose, we
found aKm of 165 ( 20 mM and aVmax of 420 ( 30 nkat/
mg. WithD-xylulose, the activity increased in a linear manner
with the substrate concentration up to a concentration of 63
mM; i.e., a Michaelis-Menten value was not determined.
At a substrate concentration of 63 mM, the activities were
80 nkat/mg forL-xylulose, 13 nkat/mg forD-xylulose, 100
nkat/mg forD-fructose, and 3.5 nkat/mg forL-sorbose.

In the reverse direction, we found activity with xylitol,
D-arabitol, D-mannitol, andD-sorbitol. At a sugar alcohol
concentration of 800 mM, we found activities of 20 nkat/
mg with xylitol, 200 nkat/mg withD-mannitol, 15 nkat/mg
with D-sorbitol, and 20 nkat/mg withD-arabinitol. We found
no activity with L-arabinitol.

With HPLC analysis, we identified the reaction products.
From L-xylulose, xylitol was formed, and fromD-xylulose,
arabinitol was formed. In the reverse direction, we saw that
xylulose was the product of xylitol and xylulose was also
the product ofD-arabinitol. The HPLC method that was used
does not distinguish betweenL- andD-xylulose. The products
of D-mannitol andD-sorbitol were fructose and sorbose,
respectively.

FIGURE 2: SDS-PAGE of the L-xylulose reductase with the
N-terminal histidine tag. The left lane shows 1µg of the enzyme
after purification. The right lane shows standards. The molecular
masses of the standards in kilodaltons are also indicated.
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DISCUSSION

The fungal pathway forL-arabinose catabolism as it was
first described by Chiang and Knight (4) consists of five
enzymes. For four of these enzymes, the corresponding genes
are known. We expressed these four known genes in a strain
of S. cereVisiae and screened a cDNA library from a mold
which can useL-arabinose as a carbon source for growth on
L-arabinose. In this way, we found a gene encoding an
L-xylulose reductase.

L-Xylulose reductases from molds and higher animals have
been reported. For molds,L-xylulose reductase was described

for the filamentous fungiPenicilium chrysogenum(4) and
Aspergillus niger (17). For higher animals,L-xylulose
reductase activity was found in guinea pig liver (18-21). A
partly purified L-xylulose reductase from pigeon liver is
commercially available (Sigma Aldrich).L-Xylulose reduc-
tase was also reported in humans where the absence of this
activity caused a disease called essential pentosuria (22, 23).
From hamster liver, a gene was cloned which encoded a
diacetyl reductase that also exhibited activity withL-xylulose
(24). The liver enzymes and the fungal enzymes share the
fact that they are all NADPH-linked but have otherwise

FIGURE 3: Amino acid sequence alignment of theL-xylulose reductase fromT. reesei(LXR1 T.r.), theD-mannitol dehydrogenase from the
button mushroomAg. bisporus(GenBank accession number AF053764) (MtDH A.b.), and the hamster liver diacetyl reductase which has
alsoL-xylulose reductase activity (DR hamster). Asterisks indicate identity. Colons indicate a high degree of homology. Periods indicate
a low degree of homology.

FIGURE 4: Sugar alcohols which are substrates for theL-xylulose reductase (top row) and the corresponding sugars (bottom row).
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different enzymatic properties. TheA. niger enzyme has a
Km for L-xylulose of 17 mM (925 mM for xylitol, 0.03 mM
for NADPH, and 0.13 mM for NADP) (17). Liver enzymes
haveKm values forL-xylulose of 0.29 mM (guinea pig) (18)
and 0.26 mM (hamster liver) (24).

The L-xylulose reductase fromT. reeseihas properties
similar to those of the corresponding enzyme that was
purified from A. niger. Both enzymes use NADPH as a
cofactor, and the affinities forL-xylulose are similar, 16 and
17 mM (17) for the enzymes fromT. reeseiandA. niger,
respectively. The molecular masses of the two enzymes are
also similar. The purified enzyme fromA. niger has a
molecular mass of 32 kDa as estimated by SDS-PAGE (17).
The T. reeseienzyme has a calculated molecular mass of
28 428 Da. One apparent difference between the two
enzymes is that theA. niger enzyme has no activity with
D-fructose. One could now suggest that the enzyme we
identified belongs to a different class of enzymes than the
A. niger enzyme. Because it has even higher activity with
D-fructose andD-mannitol than with xylitol, it could be called
a mannitol dehydrogenase (EC 1.1.1.138) which also exhibits
L-xylulose reductase activity. We think, however, that the
two enzymes are very similar and the difference is only
apparent. The activity of theA. nigerenzyme was measured
in phosphate buffer (17). When we used phosphate buffer
for theT. reeseienzyme, we also could not detect any activity
with D-fructose. We found some, but significantly decreased,
activity with L-xylulose when using phosphate buffer. This
indicates that the two enzymes fromT. reeseiandA. niger
might be very similar, but theD-mannitol dehydrogenase
activity of theA. nigerenzyme might have been overlooked.

The enzyme described in this publication has an amino
acid sequence similar to that of theD-mannitol 2-dehydro-
genase fromAgaricus bisporus(25) (Figure 3). The level of
sequence similarity with the mannitol dehydrogenase is even
higher than with an enzyme with reportedL-xylulose
reductase activity, i.e., the hamster liver diacetyl reductase
(24) (Figure 3). TheT. reeseiL-xylulose reductase has also
D-mannitol 2-dehydrogenase activity. It is, however, different
from theD-mannitol 2-dehydrogenase that was purified from
Aspergillus parasiticus. TheA. parasiticusenzyme had no
activity with xylitol; i.e., it was not anL-xylulose reductase
(26).

Whether the diacetyl reductase/L-xylulose reductase from
hamster liver described by Ishikura et al. (24) has mannitol
dehydrogenase activity is not clear, since it was not tested.

The L-xylulose reductase fromT. reeseihas a broad
substrate specificity. All sugar alcohols identified as sub-
strates have a hydroxyl group on the second atom of the
carbon chain in theL-configuration, which is oxidized to a
ketone group. From the activity measurements and the HPLC
analysis of the products, we conclude that the following
sugar-sugar alcohol couples are interconverted:L-xylulose
and xylitol, D-xylulose and D-arabinitol, D-fructose and
D-mannitol, andL-sorbose andD-sorbitol (Figure 4).

We found no activity when the histidine tag was expressed
at the C-terminus. This can mean that the enzyme with the
C-terminal histidine tag was not expressed or that the enzyme
is inactive. There is structural information about an enzyme
of the same protein family, i.e., a short chain dehydrogenase
(27), which suggests that the catalytic site and the C-terminal
end of the protein are close together. It might be that adding

a histidine tag to the C-terminal end of the protein interferes
with the binding to the catalytic site and this leads to an
inactive enzyme. The N-terminus, however, is distant from
the catalytic domain in this structure, and also, the LXRI is
active with an N-terminal histidine tag; i.e., it has the same
standard activity as the nontagged enzyme.

In this paper, we describe for the first time the functional
overexpression of the complete fungalL-arabinose pathway
in a heterologous host. Sedlak and Ho previously tried to
express the bacterial pathway inS. cereVisiae, but even
though the individual enzymes were reported to be function-
ally expressed, this did not result in either growth on
L-arabinose or ethanol production fromL-arabinose (28).

The expression of the fungal pathway led to growth of
S. cereVisiaeon L-arabinose, which is not a natural substrate
for this yeast. However, the growth rate of the recombinant
S. cereVisiaestrain onL-arabinose is very slow. One possible
reason for this is that theL-arabinose uptake into the cell is
very slow. We are not aware of any information in the
literature dealing withL-arabinose uptake into cells of
S. cereVisiae. Another possible reason for the slow growth
is the cofactor imbalance. The conversion ofL-arabinose to
D-xylulose is redox neutral. However, the two reductions are
coupled to NADPH utilization, whereas the oxidations are
coupled to NAD utilization. Since yeasts are believed to have
no transhydrogenase activity (29), the cofactors are not
efficiently regenerated.
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