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ABSTRACT. The fungalL-arabinose pathway consists of five enzymes, aldose reduatasapinitol
4-dehydrogenase;xylulose reductase, xylitol dehydrogenase, and xylulokinase. All the genes encoding
the enzymes of this pathway are known except for thatoflulose reductase (EC 1.1.1.10). We identified

a gene encoding this enzyme from the filamentous fufigichoderma reesgiHypocrea jecorini The

gene was namddrl. It was overexpressed in the ye&stccharomyces cerisiae, and the enzyme activity

was confirmed in a yeast cell extract. Overexpression of all enzymes af-#nabinose pathway in

S. cereisiaeled to growth ofS. cereisiaeon L-arabinose; i.e., we could show that the pathway is active
in a heterologous host. Therl 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 activityLwijfulose,
D-xylulose, b-fructose, and.-sorbose. The highest affinity is towarexylulose Ky = 16 mM). In the
reverse direction, we found activity with xylitoh-arabinitol, b-mannitol, andp-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 teraannitol:NADP 2-dehydrogenase (EC 1.1.1.138).

L-Arabinose is a major constituent of plant materiB). reducing and two oxidizing steps with the reducing
An L-arabinose catabolic pathway is therefore a relevant steps being NADPH-linked and the oxidizing steps being
pathway for microorganisms which live on decaying plant NAD-linked. Fungal aldose reductases which have activity
material and also for biotechnology when cheap raw materi- with L-arabinose are known frorRichia stipitis (5) and
als are used. An example is to make fuel ethanol from S. cereisiae (6), and their corresponding genes are known
agricultural waste residues such as corn fiber, which is (7, 8). The gene for an-arabinitol 4-dehydrogenase is known
particularly rich inL-arabinose. Approximately a third of the  from Trichoderma reesdb). Genes fob-xylulose reductases
corn fiber xylan isL-arabinose %). In this context, it is are known fromP. stipitis (10), S. cereisiae (8), andT.
interesting to have an-arabinose catabolic pathway in an reesei(11). A p-xylulokinase gene is known f@. cereisiae
ethanol- and inhibitor-tolerant organism liBaccharomyces  (12). A fungal gene for-xylulose reductase is not known.
cerevisiae In this paper, we describe the identification of a gene from

Two distinct bacterial and fungal pathways are known for the filamentous fungus$. reese{Hypocrea jecorinaencod-
the catabolism of-arabinose. The bacterial pathway consists ing an L-xylulose reductase and the functional expression
of L-arabinose isomerase (EC 5.3.1.4), ribulokinase (EC of this gene inS. cereisiae We also expressed the gene
2.7.1.16), and-ribulose phosphate 4-epimerase (EC 5.1.3.4). together with all the other genes of tharabinose pathway,
The pathway and the genes of this pathway are well- which led to a functional pathway, i.e., growth of
established J). About the fungal pathway only little is S. cereisiae on L-arabinose.
known. The fungal pathway was first described by Chiang
and Knight @). It consists of aldose reductase (EC 1.1.1.21), EXPERIMENTAL PROCEDURES
L-arabinitol 4-dehydrogenase (EC 1.1.1.12xylulose re- Yeast Strain for ScreeninglthoughS. cereisiaehas the
ductase (EC 1.1.1.10);xylulose reductase (EC 1.1.1.9), and genes for aldose reductasexylulose reductase, and xylu-
xylulokinase (EC 2.7.1.17) which convertarabinose to  lokinase in the genome, it cannot grow on Xxylose, because
L-arabinitol, L-xylulose, xylitol, b-xylulose, andb-xylulose ~ these genes are not adequately overexpressed. The yeast
5-phosphate, respectively. The path franarabinose to  strain used for screening was therefore constructed om
p-xylulose is shown in Figure 1. The path consists of two Cerevisiae strain CEN.PK2 (VW1b) as follows. First, the
XYL1 and XYL2 genes fromP. stipitis encoding aldose
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Ficure 1: FungalL-arabinose pathway.-Arabinose is converted to-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 bXBlulose is subsequently phosphorylated
by xylulokinase to fornp-xylulose 5-phosphate which is a metabolite of the pentose phosphate pathway. Carbon atom-&abofose
becomes C-2 of-xylulose and C-4 ob-xylulose. Both possible Fischer projectionsieérabinitol and xylitol are shown to clarify the

stereochemistry.

fragment was ligated to the corresponding sites of pYX 242 by PCR with primers encoding the histidine tag. The
(R&D Systems), which is a yeast expression vector with a following primers were used for the N-terminus (GC-

constitutive promoter and withEU2 as a selection marker,

and transformed to strain H2217, resulting in strain H2597.

The activities of aldose reductase;xylulose reductase,
xylulokinase, and.-arabinitol 4-dehydrogenase were con-
firmed in a yeast extract.

ScreeningA cDNA library from T. reesei(H. jecoring

CGAATTCATCATGCCTCAGCCTGTCCCCACCGCC) and
the C-terminus (GGATCCTTAATGATGATGATGATGAT-
GTCGTGTAGTGTAACCTCCGTCAATCAC). The addi-
tional restriction site&cdRl andBanH| are underlined. The
resulting PCR product was cloned to a TOPO vector, the
resulting vector digested witkcoRl and BanHI, and the

in the yeast expression vector pAJ401 which contained theresulting 0.8 kb fragment ligated to the corresponding sites

URA3 gene as a selection markdi) was transformed to

strain H2597. Transformants were first grown on glucose

of the pYX242 vector.
For the N-terminal histidine tag, primers were used for

plates with selective medium and then replica plated to platesthe N-terminus (CGAATTCATCATGCATCATCATCAT-
containing 5%tL-arabinose as the sole carbon source and CATCATGCCATCATGCCTCAGCCTGTCCCCACC) and

selective medium.
From transformants which exhibited growth orarabi-

the C-terminus (CGCCAAGCTTTTATCGTGTAGTGTAAC-
CTCCGTCAATCAC). For the N-terminal histidine tag, six

nose, the plasmids were rescued. Two types of plasmids werghistidines were added after the start codon. Between the

rescued from each colony, plasmids with thél andLEU2
genes and plasmids from the cDNA library with td&®A3
marker. The plasmids with tHad1 gene were identified by
PCR, and plasmids without tHad1 gene were sequenced.
Overexpression of the-Xylulose Reductaselhe open
reading frame of the-xylulose reductase was cloned by PCR
from the cDNA library. The primer for the N-terminus
(GCCGAATTCATCATGCCTCAGCCTGTCCCCAC-
CGCC) contained an additiondEcoR| restriction site
(underlined), and the primer for the C-terminus (CGC-
CAAGCTTTTATCGTGTAGTGTAACCTC-
CGTCAATCAC) contained an addition&findlll restriction

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 enzynkesR| and
Hindlll were used. The plasmids were then transformed to
S. cereisiae strain CEN.PK2.

Purification of the Enzyme with the N-Terminal Histidine
Tag. The S. cereisiae cells overexpressing thexylulose
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—NNTA

site (underlined). The resulting fragment was then cloned to column (Quiagen) according to the manufacturer’s descrip-

a TOPO vector (Invitrogen). The resulting vector was
digested withEcaRI andHindlIl, and the resulting fragment

tion.
Enzyme Actiity Measurements:or the standard procedure

of ~0.8 kb was ligated to the corresponding sites of the assay ofL-xylulose reductase, the reverse reaction was

pY X242 vector (R&D Systems), which is a multicopy yeast

assessed by adding the enzyme preparation to a reaction

expression vector with a triosephosphate isomerase (TPI)mixture containing 100 mM Tris-HCI (pH 9.0), 1.6 M xylitol,

promotor, a strong constitutive promotor, ah&U?2 for
selection. The plasmid was then transforme8 tcereisiae
strain CEN.PK2.

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

and 0.5 mM MgClJ. 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
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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 MgGJ, and 0.2 mM NADPH. The

175

83
62

sugar was then added to the desired final concentration. The 47.5
activity was calculated from the rate of the decrease in .
NADPH absorbance at 340 nm. Magnesium ions were 325
replaced with other ions if specified. All enzyme assays were 25
carried out in a Cobas Mira automated analyzer (Roche) at

o 16.5
30°C. o

Identification of the Product by HPLCThe reaction
products were identified by HPLC analysis. In the forward Fcure 2: SDS-PAGE of the L-xylulose reductase with the
direction, 6 nkat/mL of purified protein was added to a N-terminal histidine tag. The left lane showsg of the enzyme
reaction mixture containing 100 mM Hepes-NaOH (pH 7.0), after purification. The right lane shows standards. The molecular
2 mM MgCl, 2 mM NADPH, and the specified sugar (20 masses of the standards in kilodaltons are also indicated.

mM). In the reverse direction, the same enzyme amount was . : o

added to a reaction mixture containing 100 mM Tris-HCI with the C-terminal histidine tag, no-xylulose reductase
(pH 9.0), 2 mM MgC}, 10 mM NADP, and the specified was detected in the yeast extract by the standard as€ag (
sugar alcohol (20 mM). The reaction mixtures were incubated "K&t/mg). _ _ _

for several hours at room temperature before they were _Catalytic Properties.The LXRI with the N-terminal
analyzed by HPLC. An Aminex Pb column (Bio-Rad) at a histidine tag was purified a_tr_1d used for qatalyuc st.udu_es. An
working temperature of 85C was used with water at a flow ~SPS~PAGE gel of the purified enzyme is shown in Figure
rate of 0.6 mL/min. The products were detected by a Waters 2- From this SDSPAGE gel, one can estimate a molecular

410 RI detector. mass of 33 kDa which is in good agreement with the

calculated molecular mass of the enzyme with the histidine

RESULTS tag (29 565 Da). The purified enzyme had an activity of
~150 nkat/mg in our standard procedure.

Screening for the-Xylulose Reductasé yeast strain, With the purified enzyme, we also tested the forward

H2597 (see Experimental Procedures), which expressed allreaction with.-xylulose and NADPH as substrates. We found
genes of the-arabinose pathway, except for a gene for the a V. 0f 754 10 nkat/mg and &, for L-xylulose of 164+
L-xylulose reductase was used for the screening. reesei 3 mM. With 100 mM phosphate instead of Hepes as a buffer,
cDNA library ligated into a yeast expression vector was theVmacwas lowered by a factor of 3. We tested if the MgClI
transformed into this yeast strain, and 750 000 transformantscould be left out and found no activity in the absence of
were screened for growth ararabinose. After 34 weeks, MgCl, under otherwise identical conditions. With Ca@hd
approximately 16 colonies appeared. For yeast from oneHepes as a buffer, we found an activity similar to that with
colony, the doubling time was estimated in liquid medium MgCl,; with MnCl,, the activity was~10% of the activity
to be~5 days. Eight of these colonies were analyzed further. with MgCl,. The enzyme had no activity with NADH as a
They were not identical clones, but their plasmids contained cofactor.
identical open reading frames with different amounts of DNA  We also found activity with NADPH and the sugars
between the expression vector and the start codon. We name@-xylulose, b-fructose, and.-sorbose and no activity with
the genelxrl for L-xylulose reductase. The sequence was p-tagatose. We also found no activity with the aldose sugars
submitted to GenBank (accession number AF375616). TheD-glucose,D-mannose, ana-xylose. Forp-fructose, we
open reading frame encodes a protein with 266 amino acidsfound aKy, of 165+ 20 mM and aVmay Of 420 + 30 nkat/
and a calculated molecular mass of 28 428 Da. It belongs tomg. Withp-xylulose, the activity increased in a linear manner
the protein family of short chain dehydrogenasis) ( with the substrate concentration up to a concentration of 63
Overexpression of the-Xylulose Reductase in S. cere mM; i.e., a Michaelis-Menten value was not determined.
siae.One of the plasmids with thi&rl gene obtained in the At a substrate concentration of 63 mM, the activities were
screening was retransformed to the CEN.PK strain. From 80 nkat/mg forL-xylulose, 13 nkat/mg fop-xylulose, 100
the resulting strain, an extract was made by vortexing with nkat/mg forp-fructose, and 3.5 nkat/mg farsorbose.
glass beads and tested forylulose reductase activity. We In the reverse direction, we found activity with xylitol,
found an activity of 23 nkat of NADP reduced per D-arabitol, b-mannitol, andbp-sorbitol. At a sugar alcohol
milligram of extracted protein by using our standard proce- concentration of 800 mM, we found activities of 20 nkat/
dure to assess the reverse reaction-gf/lulose reductase.  mg with xylitol, 200 nkat/mg withb-mannitol, 15 nkat/mg
Thelxrl gene was also ligated into the pYX242 vector under with p-sorbitol, and 20 nkat/mg with-arabinitol. We found
the TPI promoter. Similar constructs using the same plasmid no activity with L-arabinitol.
with the TPl promoter were made with &rl gene which With HPLC analysis, we identified the reaction products.
was modified so that it would translate into a protein with From L-xylulose, xylitol was formed, and from-xylulose,
either an N-terminal or a C-terminal histidine tag. These arabinitol was formed. In the reverse direction, we saw that
plasmids were also transformed to the CEN.PK strain. xylulose was the product of xylitol and xylulose was also
Activity was found with the construct with thixrl gene the product ob-arabinitol. The HPLC method that was used
without a histidine tag and tHgrl gene with an N-terminal ~ does not distinguish betweenandp-xylulose. The products
histidine tag. These constructs had the same activity of 4 of b-mannitol andp-sorbitol were fructose and sorbose,
nkat per milligram of extracted protein. Using the construct respectively.
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| | | | | |
LXR1 T.r. MPQPVPTANRLLDLFSLKGKVVVVTGASGPRGMGIEAARGCAEMGADLATITYSSRKEGAE
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Ficure 3: Amino acid sequence alignment of thaylulose reductase from. reesei{LXR1 T.r.), thep-mannitol dehydrogenase from the
button mushroonf\g. bisporug§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.
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Ficure 4: Sugar alcohols which are substrates for ithe/lulose reductase (top row) and the corresponding sugars (bottom row).

DISCUSSION for the filamentous fungPenicilium chrysogenur4) and

The fungal pathway for-arabinose catabolism as it was Aspergillus niger (17). For higher animals,-xylulose

first described by Chiang and Knighd)(consists of five reductase_gctivity was found in guinea pig Ii\_/éB(—Zl_). A .
enzymes. For four of these enzymes, the corresponding geneBartly purified L-xylulose reductase from pigeon liver is
are known. We expressed these four known genes in a straiffommercially available (Sigma Aldrich)-Xylulose reduc-
of S. cereisiae and screened a cDNA library from a mold tase was also reported in humans where the absence of this
which can use-arabinose as a carbon source for growth on activity caused a disease called essential pentos22j238).
L-arabinose. In this way, we found a gene encoding an From hamster liver, a gene was cloned which encoded a
L-xylulose reductase. diacetyl reductase that also exhibited activity witkylulose
L-Xylulose reductases from molds and higher animals have (24). The liver enzymes and the fungal enzymes share the
been reported. For moldsxylulose reductase was described fact that they are all NADPH-linked but have otherwise
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different enzymatic properties. Thie nigerenzyme has a  a histidine tag to the C-terminal end of the protein interferes
Km for L-xylulose of 17 mM (925 mM for xylitol, 0.03 mM with the binding to the catalytic site and this leads to an
for NADPH, and 0.13 mM for NADP)17). Liver enzymes inactive enzyme. The N-terminus, however, is distant from
haveK, values fon.-xylulose of 0.29 mM (guinea pig)lLg) the catalytic domain in this structure, and also, the LXRI is
and 0.26 mM (hamster liverpRg). active with an N-terminal histidine tag; i.e., it has the same
The L-xylulose reductase fronT. reeseihas properties  standard activity as the nontagged enzyme.
similar to those of the corresponding enzyme that was In this paper, we describe for the first time the functional
purified from A. niger. Both enzymes use NADPH as a overexpression of the complete fungadrabinose pathway
cofactor, and the affinities far-xylulose are similar, 16 and  in a heterologous host. Sedlak and Ho previously tried to
17 mM (17) for the enzymes fronT. reeseiand A. niger, express the bacterial pathway $ cereisiag, but even
respectively. The molecular masses of the two enzymes arethough the individual enzymes were reported to be function-
also similar. The purified enzyme from. niger has a ally expressed, this did not result in either growth on
molecular mass of 32 kDa as estimated by SIPAGE (17). L-arabinose or ethanol production frarrarabinose 28).
The T. reeseienzyme has a calculated molecular mass of  The expression of the fungal pathway led to growth of
28428 Da. One apparent difference between the two S, cereisiaeonL-arabinose, which is not a natural substrate
enzymes is that thé. nigerenzyme has no activity with  for this yeast. However, the growth rate of the recombinant
p-fructose. One could now suggest that the enzyme we S cereisiaestrain on.-arabinose is very slow. One possible
identified belongs to a different class of enzymes than the reason for this is that the-arabinose uptake into the cell is
A. nigerenzyme. Because it has even higher activity with very slow. We are not aware of any information in the
p-fructose and-mannitol than with xylitol, it could be called  |iterature dealing withL-arabinose uptake into cells of
a mannitol dehydrogenase (EC 1.1.1.138) which also exhibitss, cereisiae. Another possible reason for the slow growth
L-xylulose reductase activity. We think, however, that the s the cofactor imbalance. The conversion efrabinose to
two enzymes are very similar and the difference is only p-xylulose is redox neutral. However, the two reductions are
apparent. The activity of tha. nigerenzyme was measured  coupled to NADPH utilization, whereas the oxidations are
in phosphate bufferl(7). When we used phosphate buffer coupled to NAD utilization. Since yeasts are believed to have

for theT. reeseenzyme, we also could not detect any activity no transhydrogenase activityg), the cofactors are not
with p-fructose. We found some, but significantly decreased, efficiently regenerated.

activity with L-xylulose when using phosphate buffer. This
indicates that the two enzymes from reeseiand A. niger ACKNOWLEDGMENT
might be very similar, but th@-mannitol dehydrogenase
activity of theA. nigerenzyme might have been overlooked.
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