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ABSTRACT: Deletion of the phosphoglucose isomerase g&@&,1, in Saccharomyces cerisiae leads to

a phenotype for which glucose is toxic. This is related to overproduction of NADPH through the oxidative
part of the pentose phosphate pathway and the incompeten& otreisiae to deal with this
overproduction. A similar deletiongg2) in Kluyveromyces lactisloes not lead to such a phenotype. We
transformed a genomic library &f. lactisin a yeast vector to 8. cereisiae strain with apgil deletion

and screened for growth on glucose. We found a ggBBR1) which encodes a phosphorylating
glyceraldehyde-3-phosphate dehydrogenase, NADP-GAPDH (EC 1.2.1.13), that accepts both NADP and
NAD. This is the first report of a eukaryotic, nonplant, NADP-linked GAPDH. Presumably, operation of
this enzyme in the reverse direction enabled the transfo@nedreisiae pgildeletion mutant to reoxidize

the excess NADPH produced when glucose catabolism was forced through the pentose pathway. On the
other hand, transcription of the genednlactiswas upregulated during growth orxylose, which suggests

that in K. lactis the enzyme is involved in regeneration of NADPH needed for xylose assimilation, but
transcription was not detected irr@&g2 mutant grown on glucose. The presence of an asparagine (Asn46

in NADP-GAPDH) instead of the conserved aspartate found in related but NAD-specific enzymes may
explain the ability of NADP-GAPDH to work with NADP as well as NAD.

NADH and NADPH are generally used in different regeneration have in common the fact that they are directly
reductive biochemical reactions. NADH is primarily used linked to CQ production.
for the generation of ATP through the respiratory chain or,  gince fungi often use the pentosesxylose andL-
under fermentative conditions, to generate fermentation endarapinose as major carbon sources and their catabolism
products, such as ethanol or lactate. NADPH serves as aryequires NADPH, it might be advantageous for such fungi
electron donor in reductive biosyntheses of fatty aCidS, to have an alternative pathway for the regeneration of
sterols, amino acids, and purines. NADPH is also used in NADPH where no carbon is lost through @@roduction.
fungi and other microorganisms to reduce oxidized nitrogen NADPH can also be formed in a transhydrogenase reaction
sources, e.g., N, to the NH; level. that is not linked to C@production. However, it is generally

NADPH is also used in fungi to reduce pentoses such aspelieved that fungi do not have such activitg).( Also,
D-xylose and.-arabinose to sugar alcohols, which are then “transhydrogenase cycles”, such as the mannitol cycle, where
oxidized by NAD to pentuloses. Thus, NADPH and NAD two dehydrogenases with different cofactor specificities
are consumed in the redox neutral conversion of pentosecreate an effective transhydrogenase in a cyclic reaction, have
carbon sources to pentose phosphate pathway metabolitesiot been found to be active in NADPH regeneratigh (
In nonphotosynthetic microorganisms, it is generally thought Saccharomyces cerisiae with a deletion in the phos-
that NADPH is generated primarily by the oxidative part of phoglucose isomeras@®@l1) gene provides a screening
the pentose phosphate pathway, i.e., the oxid_ation of glucoseSystem for NADP(H)-linked oxidoreductased).(S. cerei-
6-phosphate to ribulose 5-phosphate using glucose-6-gj5q pgil mutants cannot grow on glucose, apparently
phosphate dehydrogenase and 6-phosphogluconate dehydr@yeqyse rerouting of glucose catabolism through the oxidative
genase. Molds growing on pentoses have a higher activity yo 1 of the pentose phosphate pathway causes an overproduc-
of this part of the pentose phosphate pathviyfiowever,  iqn of NADPH whichS. cereisiae cannot tolerateln the
oxidation of isocitrate by NADP-isocitrate dehydrogenase yeastkluyveromyces lactisa deletion in the phosphoglucose
and of malate by NADP-maIic enzyme can also contribute jsomerase gen®RAG3 does not lead to a similar phenotype;
to NADPH generation. All these pathways for NADPH ;o 'k '|actis rag2mutants can grow on glucose. With this
screen, we found K. lactis gene encoding a novel, fungal,
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EXPERIMENTAL PROCEDURES in the reverse direction was a coupled enzyme assay with
. . . . phosphoglycerate kinase. A sample of the yeast extract or
Constructlng the Host_Straln f_or_ the Library Screening; e histidine-tagged purified protein was added to a reaction
Deleting the PGI1 Gene in. Serevisiae. ThePGl1gene of e containing 500 mM triethanolamine (pH 7.8), 1 mM
the S. cereisiae haploid strain CEN.PK2 was deleted.SA ATP, 2 mM MgCh, 200 uM NADPH, and 10 ug/mL

cerevisiae PGI1fragment was obtained by PCR using the  phogphoglycerate kinase (Boehringer). The reaction was
following primers: S-CGACCGGTCGACTACCAGCCT-  giared by the addition of 3-phosphoglycerate to a final

AAAAATGTC-3' (Sal site underlined) and’KBG_CACGg- concentration of 5 mM. The NAD-GAPDH activity was
GCAGAGAGCGATTTGTTCACAT-3 (Pst site under-  \oqqred in the same way except that NADH was used
lined). ThePGI1 fragment was digested witBal and Pst instead of NADPH

and ligated into the pBluescript SKvector (Stratagene). )

. i | In the forward direction, i.e., dehydrogenase reaction, the
The resulting plasmid (B1186) was digested vittRl and 54ty was measured by adding the enzyme to a buffer
BsBl to remove a 715 bp fragment from the.mlddle of the containing 350 mM triethanolamine (pH 9.2), 30 mM sodium
PGllgene,i.e., a fragment.between ba_se pairs 109 and 824phosphate (pH 9.2), and NAD or NADB-Glyceraldehyde

TheHIS3gene was obtained Hyrdl digestion from the 3 phosphate (GAP) was then added to start the reaction.
yeast expression vector pRS4B3. (TheHIS3fragmentwas  \yhen the affinity for NAD and NADP was measured, GAP
blunted with T4 DNA polymerase and ligated into the 55 added to a final concentration of 14 mM. For the affinity
pBluescript SK- ECoRV site. This plasmid (B1185) was  measurement of GAP, the NAD or NADP concentration was
digested withEccR| and Clal, and the 1.5 kb fragment 1 mM. The protein concentration was measured with the Bio-
carrying theHIS3 gene was ligated into thEcoRI- and Rad protein assay using BSA as a standard. All enzyme
BsBl-digested B1186 plasmid. The resulting plasmid was assays were made with a Mira Automated Analyser (Roche)
named B1187. at 30°C.

The PGI1+HIS3 fragment was released from the B1187 Cloning the GAPDH Homologue to Expression Vectors.
plasmid withSal andMunl digestion, ands. cereisiaestrain The gene encoding the GAPDH homologue was amplified
CEN.PK2 was transformed with the fragment. The lithium by PCR using the following primers for the sense and
acetate methods( 7) was used for the yeast transformation. gntisense directions: " A TAAAGCTTAAGATGCCCGA-

The yeast transformants were confirmed by Southern blot TATGACAAAACGAATCTTC-3" and 5-AAGGATCCAA-
analysis using a fragment from ti$e cereisiae PGl1lgene GCGTCTCCTTAAACACCAGC-3, respectively. The re-

as the probe. The resulting strain, CEN.PK@gil, was then  striction sitesHindlll and BanHI were introduced by PCR
used for the screening. and are underlined in the primer sequence. The PCR product

Construction and Screening of the. Kactis Genomic  was then digested witHindlll and BanHI and ligated into
Library. TheK. lactisgenomic library was constructed from  the corresponding sites of the pYES2 vector (Invitrogen).
strain CBS 2359 as described previoudly The librarywas ~ The pYES2 vector is a yeast expression vector with a
transformed into théS. cereisiae CEN.PK2Apgil strain;  galactose inducible promoter andJ&A3gene for selection.
the transformants were plated on SC-leu, 29tuctose, and In another construct, the GAPDH gene was amplified by
0.05%p-glucose, and 1.% 10° transformants were pooled  pCR as described above except that the primer in the sense
in 0.9% NacCl. The transformants were then again plated first direction contained ®anH| restriction site. A third con-
on SC-leu, 2%p-fructose, and 0.1%-glucose and after 3 struct with the GAPDH homologue with a C-terminal histi-
days replica plated on SC-leu and 0.1% glucose. Ap- dine tag was generated by PCR by using the primer in the
proximately 100 colonies, which appeared after 9 days, weresense direction from above (with BanH! site) and the
streaked and restreaked on SC-leu and 0.1% glucose. Cloneg' - AAGGATCCTTAATGATGATGATGATGATGAA-
that contained the&K. lactis RAG2gene, which encodes CACCAGCTTCGAAGTCCTTTTGAGCC-3primer for the
phosphoglucose isomerase, were identified by PCR with gntisense direction. The PCR products were digested with
primers specific for theK. lactis RAG2gene (5-CACT- BanHI. The PGK1promoter and terminato®) were ligated
GAAGGACGTGCTGTGT-3 and 3-AGCTGGGAATCT- into the multicopy vector YEplac193.(), and the GAPDH
GTGCAAGT-3). homologue was ligated into thglll site located between

Identifying the Product of the Redox Screenifigie the PGK1 promoter and terminator. The resulting plasmids
plasmid, which was obtained in the screening procedure, hadwere then transformed to the CEN.PK2 yeast strain with the
an insert of an estimated 10 kb. A transposon was randomly pgi1 deletion.
inserted into the plasmid with the Template Generation  Ppurification of the Histidine-Tagged Proteithe CEN-
System (Finnzymes). Different transposon insertions (as PK2 strain containing the plasmid with the histidine-tagged
judged by PCR with primers from the transposon and the GAPDH homologue was grown on selective medium with
yeast vector) were retransformed to the CEN.PX(agil p-glucose as a carbon source. The yeast cells were extracted
strain and tested for growth on 0.184glucose. From strains, by vortexing with glass beads in a buffer containing 10 mM
which were maintained on 2%-fructose and 0.05%- sodium phosphate (pH 7.0) and 0.17 mg/mL PMSF. The
glucose, but showed no growth on 0.184glucose, the  histidine-tagged protein was then purified with aTA
plasmids were recovered and sequenced with primers of theagarose column (Quiagen) according to the manufacturer's
transposon sequence. descriptions, and desalted with a Hightrap (Pharmacia) gel

Enzyme Assay for Measuring NADP-GAPDALtivity. filtration column. The purified protein was obtained in 10
The standard assay for measuring NADP-GAPDH activity mM sodium phosphate (pH 7.0) and 10 mM DTT.
Northern Blot Analysis of the Expression of the GAPDH

L Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydroge- Homologue Gene. K. lactistrain CBS 2359 was cultivated
nase; GAP, glyceraldehyde 3-phosphate. on SC medium with 2%-glucose, glycerol, op-xylose as




First Fungal NADP-GAPDH fronK. lactis

2175 kDa

wee 83 KDa
62 kDa

475 kDa

325 kDa

25KkDa

165 kDa

65 kDa

Ficure 1. SDS-PAGE of the purified protein with a C-terminal
histidine tag.

the carbon source. ThHe lactis rag2mutant was grown on
SC and 2%p-glucose. TheS. cereisiae strain having the
GAPDH homologue gene in a multicopy plasmid under the
PGK1 promoter and &. cereisiae control strain carrying
the empty plasmid were cultivated on selective medium with
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expressed the&. lactis phosphoglucose isomerase gene,
growth on glucose was restored. To identify these transfor-
mants, we used PCR with specific primers for #edactis
phosphoglucose isomerase. Frem00 transformants which
could restore growth on glucose, two were identified that
did not contain the phosphoglucose isomerase gene. These
two clones turned out to be identical, containing a DNA
fragment of~10 kb. A transposon was randomly inserted
into the plasmid, and the resulting plasmids were transformed
back to thepgil mutant. A transposon-containing plasmid
that did not restore growth on glucose was then sequenced,
starting from the transposon sequence. This plasmid had the
transposon in an open reading frame encoding a protein with
356 amino acids and a molecular mass of 39 030 Da. The
open reading frame was very similar to a glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), indicating that this
GAPDH homologue was responsible for restoring growth
on glucose. The nucleotide sequence has been submitted to
EMBL, GenBank, and DDBJ Nucleotide Sequence Database
and will appear under accession number AJ430565.
Expression of the GAPDH Homologue under a Galactose-
Inducible PromoterThe GAPDH homologue was expressed
under a galactose-inducible promoter in the pYES2 yeast
expression vector. This vector and a control vector without
the GAPDH homologue were then transformed to e
cerevisiae strain with thepgil deletion. The strains were
kept on plates with selective medium with 284fructose
and 0.05%p-glucose as a carbon source and transferred to
plates with 2%pb-galactose and 0.3 or 2%-glucose. The
strain with the GAPDH homologue grew in the presence of
0.3 and 2%pb-glucose. The control strain with an empty

2% b-glucose as the carbon source. The RNA was extractedPlasmid showed no growth on either medium.

from the yeast cells with the Trizol reagent kit (Life
Technologies Inc.); £2 ug of the total RNA per sample
was used in the analysis. The Northern hybridization was
carried out using standard methods.

The 150 bp GAPDH homologue probe was released by
EcoRl and Xba digestion from a plasmid containing the
GAPDH homologue gene. The probe was labeled with
[0-*2P]dCTP (Amersham Pharmacia Biotech) using the
randomly primed DNA labeling kit (Roche Molecular
Biochemicals).

Modeling of the NADP Binding PockeA crude model
of the structure of th&. lactis GDP1 and theS. cereisiae
GAPDH1 was made by homology modeling using Swiss-
Pdb Viewer version 3.7b2L(). The structure that was used
is the NAD-dependent GAPDH frorRalinurus versicolor
(South China Sea lobster) called 1DSIR)(in the Protein
Data Bank 13). The structure contains the same sequence
element as théS. cereisiae GAPDH1 and theK. lactis
GDP1 around the conserved aspartate residue as indicate
in Figure 2.

RESULTS

Screening the Klactis Genomic Library for Redox
EnzymesA S. cereisiae strain with a deletion in the

To test if the GAPDH homologue had NADP-GAPDH
activity, the GAPDH homologue was expressed under the
galactose-inducible promoter in the yeast strain CEN.PK2.
The strain and a control strain carrying the empty vector
were grown on selective medium with 2&glucose and
2% D-galactose as a carbon source and extracts prepared from
the cells. The extracts were analyzed for NADP-GAPDH
enzyme activity with the standard assay. In the crude extract
of the strain with the GAPDH homologue, we found an
activity of 0.05 nkat/mg of extracted protein. In the control
strain, the activity was below the detection limit, which was
~0.005 nkat/mg. For comparison, the GAPDH activity with
NAD was in both strains 15 3 nkat/mg. We named the
gene for the GAPDH homologueDP1for glyceraldehyde-
3-phosphate dehydrogenase, NADP-dependent.

Expression of the GAPDH Homologue under a Constitu-
tive PGK1 PromoterThe GDP1 gene was also expressed
under a constitutive promoter in thpgyil mutant. Thepgil

fnutant carrying th&sDP1 under thePGK1 promoter in a

multicopy vector can grow on 2%-glucose as the sole
carbon source. We estimated a doubling time of 22 h for
this strain in shake flask cultivation under this aerobic
condition. The NADP-GAPDH activity was-0.3 nkat/mg
in the crude extract.

Expression with His Tag, and Aetiy of the His-Tagged

phosphoglucose isomerase gene was transformed with &rotein. The GDP1 was expressed with a C-terminal

genomic library fronK. lactis. After the transformation, the
cells were maintained on 2%-fructose and 0.05%b-
glucose. Under these conditions, the glucose is not toxic for
the pgil mutant. Cells were then transferred to 0.1%
D-glucose, which is toxic for thpgil mutant. In cells, which

histidine tag in strain CEN.PK2 and in the strain with the
pgil deletion. The strain with thpgil deletion was tested
for growth onb-glucose to test if the enzyme was still
functional with the histidine tag. Thegil mutant with the
histidine-taggedGDP1 was able to grow om-glucose at
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GAPDH1 S.c. =------------- MIRIAINGFGRIGRLVLRLALQRKDIEVVAVNDPFISNDYAAYMVKY
G3P1 K.1. = ------------ MVKVAINGFGRIGRLVLRIALQRKALEVVAVNDPFISVDYAAYMFKY
G3P P.v. = m------------- SKIGINGFGRIGRLVLRAALEMG-AQVVAVNDPFIALEYMVYMFKY
GDP1 K.1. MPDMTNESSSKPAQINIGINGFGRIGRLVLRAALTHPEVKVRLINNPSTTPEYAAYLFKY
Lkkkkkkkkkkkkk  kk sk skik . ok k. Kk
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GAPDH1 S.c. DSTHGRYKGTVSHDDKHIIID----GVKIATYQERDPANLPWGSLKIDVAVDSTGVFKEL

G3P1 K.1. DSTHGRYKGEVTTSGNDLVID- - - -GHKIAVFQEKDPANLPWGKLGVDIVIDSTGVFKEL

G3P P.v. DSTHGMFKGEVKAEDGALVVD- - - -GKKITVFNEMKPENIPWSKAGAEYIVESTGVFTTI

GDP1 K.1. DSTHGKYRGEVEFDDERIIIQNDHVSAHIPLSHFREPERIPWASYNVDYVIDSTGVFKEV
FAREAERK ok ok HEEH Lok : R S : HER R

130 140 150 160 170 180

GAPDH1 S.c. DTAQKHIDAGAKKVVITAPSSSAPMFVVGVNHTKYTP-DKKIVSNASCTTNCLAPLAKVI

G3P1 K.1. DSAQKHLDAGAKKVVITAPSKTAPMFVVGVNEDKYN--GETIVSNASCTTNCLAPIAKII

G3P P.v. EKASAHFKGGAKKVIISAPSADAPMFVCGVNLEKYSK-DMKVVSNASXTTNCLAPVAKVL

GDP1 K.1. DTASRHK--GVKKVIITAPSKTAPMYVYGVNHVKYNPLTDHVVSNASCTTNCLAPLVKAL
Lok x Kk kkk ok okkk  kkk.k kkk kK ckkkkk kkkkhkkk . *

190 200 210 220 230 240

GAPDH1 S.c. NDAFGIEEGLMTTVHSMTATQKTVDGPS--HKDWRGGRTASGNIIPSSTGAAKAVGKVLP

G3P1 K.1. NDEFGIDEALMTTVHSITATQKTVDGPS - -HKDWRGGRTASGNIIPSSTGAAKAVGKVLP
G3P P.v. HENFEIVEGLMTTVHAVTATQKTVDGPS - -AKDWRGGRGAAQNIIPSSTGAAKAVGKVIP
GDP1 K.1. DDEFGIEEALMTTIHATTASQKTVDGTSSGGKDWRGGRSCQGNIIPSSTGAAKAVGKILP
sk ok ok kkkk ok, Kkk.kkkkkk * kkkkkkk | kkkkkkkkkkkkkkk o ok

250 260 270 280 290 300

GAPDH1 S.c. ELQGKLTGMAFRVPTVDVSVVDLTVKLEKEATYDQIKKAVKAAAEGPMKGVLGYTEDAVV

G3P1 K.1. ELQGKLTGMAFRVPTVDVSVVDLTVKLAKEATYDEIKAAVKKASQGKLKNVVGYTEDSVV
G3P P.v. ELDGKLTGMAFRVPTPNVSVVDLTVRLGKECSYDDIKAAMKAASEGPLQGVLGYTEDDVV
GDP1 K.1. ELNGKITGMSIRVPTINISLVDLTFRTAKKTSYDDIMKALEQRSRSDMKGVLGVTKDAVV
hk okk o khkhk . ckkkk o okokkkk . k. ckk.k k.. . s kik Kok kK

310 320 330 340 350

GAPDH1 S.c. SSDFLGDTHASIFDASAGIQLSPKFVKLISWYDNEYGYSARVVDLIEYVAKA------

G3P1 K.1. SSDFLGDTHSTIFDASAGIQLSPKFVKVVAWYDNEYGYSERVVDLVEHVA--------

G3P P.v. SCDFTGDNRSSIFDAKAGIQLSKTFVKVVSWYDNEFGYSQRVIDLIKHMQKVDSA- - -

GDP1 K.1. SSDFTSDSRSSIVDAKAGIELNDHFFKVLSWYDNEYGYSSRVVDLSIFMAQKDFEAGV
hokk ok saak Kk kkkok | ok ko.okkkkk kkk kk k% :

Ficure 2: Amino acid sequence alignment of the glyceraldehyde-3-phosphate dehydrogenase frereisiae (GAPDH1 S.c.), the
NAD-dependent GAPDH fronK. lactis (G3P1 K.l.), the NAD-dependent GAPDH froR. versicolor (G3P P.v.), and the GDP1. The
locations of the conserved aspartate in NAD-dependent enzymes are marked with an arrow (positidh #&tis GDP1). Asterisks
denote identity. Colons indicate a high degree of conservation. Periods indicate a lower degree of conservation.

the same rate as without the histidine tag, indicating that Northern Blot Analysis of the GDP1. K. lactigas grown
the addition of the histidine tag did not greatly influence the on different carbon sources to stu@DP1expression. The
enzyme activity. The histidine-tagged protein was then K. lactis wild-type strain was cultivated om-glucose,
purified. From SDS-PAGE, we estimated that the protein glycerol, andp-xylose as carbon sources. TB®P1 gene
was~90% pure and had a molecular mass-@f0 kDa (see  expression was also studied in tielactis rag2mutant when
Figure 1). This is in good agreement with a calculated it was grown on glucose. Th8. cereisiae strain carrying
molecular mass of the histidine-tagged protein of 39.852 kDa. the GDP1 in the multicopy plasmid under th®GK1
With the purified enzyme, we found an activity with NADPH  promoter and a control strain with the empty vector were
of 70 nkat/mg of protein, using our standard assay. When used as controls in the Northern blot analysis. Bi2P1
NADPH was replaced with NADH, the activity was similar. probe was chosen from the region of the NADP-GAPDH
Affinity for NADP, NAD, anc-Glyceraldehyde 3-Phos-  sequence that is least similar with tkelactis GAP1gene
phate. The purified histidine-tagged protein was used to encoding the NAD-dependent GADPH. A Southern blot
measure the substrate affinity for NAD, NADP, and analysis was performed to confirm that the probe does not
glyceraldehyde 3-phosphate at¥Dand pH 9.2. For NADP  bind any genes other than ti@DP1 (not shown). The
and NAD, theK, values were 406Gt 100 and 500+ 60 Northern blot result is shown in Figure 3. K lactis, the
uM, respectively. Thé/max for NADP was 250 nkat/mg of  transcription can only be seen when the cells were grown
protein, and theVmax for NAD was 500 nkat/mg. For  onbp-xylose. TheGDP1 mRNA of the S. cereisiae strain
p-glyceraldehyde 3-phosphate, thg, was 750uM with where theGDP1was overexpressed 18250 bp smaller than
NAD or NADP as a cofactor. the GDP1 mRNA of theK. lactis wild-type strain. This is
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A B C D E F G Is the NADP-GAPDH Responsible for the Phenotype that
Allows the K lactis rag2 Mutant To Grow on Glucosé&he
2 NADPH-GAPDH can restore the ability to grow on glucose
. in a S. cereisiae pgil mutant, so it could be the same
. principle that enables thi€. lactis rag2mutant to grow on
glucose.
The activity of NADP-GAPDH when expressed B

. o cerevisiae under thePGK1 promoter was low 0.3 nkat/
Ficure 3: mMRNA levels of GDP1in K. lactis (wild type) grown o
onb-glucose (lane A), glycerol (lane B), arn:d>£ylosey(?ar2egC)K. mg), when compared to' the NAD-GAPDH aCtIVIty.(15 Qkat/
lactis rag2 mutant grown onbp-glucose (lanes D and E)S. mg) when measured in our standard assay, i.e., in the
cerevisiaeoverexpressing theDP1 (lane G), and the control where  direction of NAD(P)H oxidation. TheS. cereisiae pgil
theS. cereisiaestrain is not expressingDP1(lane F). The labeled mutant with theGDP1overexpressed has a correspondingly
mMRNA in lane C is~250 bases larger than that in lane G (see the g|gw rate of growth on glucose, i.e., a doubling time on
texy). glucose of~20 h. TheK. lactis rag2 mutant also grows
slowly on glucose 18). In the Northern blot analysis,
however, no transcription of theDP1 gene was detected
in the K. lactis rag2 mutant grown on glucose (Figure 3).
This suggests that other factors are responsible for the ability
of the K. lactis rag2mutant to grow on glucose. However,
we have not examined the effect of delet@®P1from the
wild type or rag2 mutants ofK. lactis.

due to differences in the transcription between khéactis
strain and the construct B. cereisiae The polyadenylation
signal in the K. lactis GDP1 terminator is ~250 bp
downstream from the stop codon. In the construct where the
GDP1is expressed under ti& cereisiae PGK1promoter,

the polyadenylation signal is immediately after the stop

codon. NADP-GAPDH (EC 1.2.1.13)he phosphorylating glyc-
DISCUSSION eraldehyde-3-phosphate dehydrogenase (GAPDH) (EC
1.2.1.12) is an enzyme in the Embden Meyerhoff pathway.
Redox Screeningh strain ofS. cereisiaewith a deletion It catalyzes the reversible reaction from glyceraldehyde

in the gene RGI1) encoding phosphoglucose isomerase 3-phosphate, inorganic phosphate, and NAD to 1,3-bispho-
cannot grow on glucosd 4, 15). In such a strain, the glucose sphoglycerate and NADH. It is essential in both glycolysis
has to be metabolized through the pentose phosphateand gluconeogenesis. In fungi and all other eukaryotic cells
pathway. ForS. cereisiae this is believed to be lethal except plants, known examples of this enzyme are strictly
because it cannot cope with the NADPH produced in the specific for NAD.
oxidative part of the pentose phosphate pathwhy ( In plants and photosynthetic bacteria, an NADP-dependent
This is different in other microorganisms. Mutants of GAPDH (EC 1.2.1.13) has been found. However, it is not
Escherichia coliand the yeaskK. lactis lacking phospho- part of the Embden Meyerhoff pathway, but involved in the
glucose isomerase activity can grow on gluco$é, (7). carbon fixation of photosynthesis. In nonphotosynthetic
SinceK. lactis also produces NADPH in the oxidative part bacteria, an NADP-GAPDH is known to exist besides NAD-
of the pentose phosphate pathway, it must have a means ofGAPDH. However, the two different enzymes are suggested
utilizing the excess NADPH. To identify possible genes that to have different physiological roles, the NAD enzyme being
are involved in the NADPH utilization irK. lactis, we involved in glycolysis and the NADP enzyme in gluconeo-
screened &. lactis genomic library in &. cereisiae pgil genesis Z0).
mutant for growth on glucose. In this screen, we found a In this paper, we report a glyceraldehyde-3-phosphate
gene encoding an NADP-GAPDH (EC 1.2.1.13) which we dehydrogenase from the yea&tlactis, which uses NADP

called GDPL and NAD equally well as cofactors and is to our knowledge
The K. lactis rag2 Mutant Is Not Able To Grow on Glucose the first eukaryotic, nonphotosynthetic, GAPDH that is able

when Mitochondrial Respiration Has Been Block&anza- to use NADP.

lez Siso et al. 18) suggested that. lactis has an external Role of an NADP-GAPDH in Pentose Fermentation.

mitochondrial dehydrogenase that could pass electrons to theNADP-GAPDH activity can be beneficial in pentose fer-

mitochondrial respiratory chain, similar MDE1andNDE2 mentation, which is redox neutral but uses different redox

in S. cereisiae (19), but which could use NADPH instead cofactors. In the catabolism of 1 mol pfxylose to xylulose
of NADH. This dehydrogenase would oxidize the NADPH phosphate, 1 mol of NADP and NADH is generat&d)(
generated in the oxidative part of the pentose phosphateand in the catabolism of 1 mole ofarabinose, 2 mol NADP
pathway. This would be consistent with the observation that and NADH is generated?@, 23). NADP is usually regener-
therag2 mutant cannot grow on glucose when mitochondrial ated through the oxidative part of the pentose phosphate
respiration is blocked. pathway, which is coupled to CQproduction. In contrast,
An alternative explanation for this observation would be the NADP regeneration through an NADP-GAPDH is not
an NADP-GAPDH. An NADP-GAPDH activity in the  directly linked to CQ production (see Figure 4). Further-
presence of NAD-GAPDH activity would form a transhy- more, unlike recycling through the pentose phosphate
drogenase catalyzing the reaction between NADPH and NAD pathway, use of NADP-GAPDH provides for stoichiometric
and between NADP and NADH. The excess NADPH could regeneration of both the NADPH and the NAD required for
be converted into an excess of NADH, which is subsequently assimilation of xylose. Conversion of 1 mol of xylose’tg
oxidized by a mitochondrial NADH reductase. The inability mol of glyceraldehyde 3-phosphate (GAP) provides 1 mol
to grow on glucose when mitochondrial respiration has been each of NADPH and NAD. If 1 mol of GAP is oxidized by
blocked might be due to the inability to oxidize the excess the NADP-GAPDH, thereby regenerating the NADPH, then
NADH. /3 mole is oxidized by the NAD-linked GAPDH, generating



13838 Biochemistry, Vol. 41, No. 46, 2002

NADPH NADP
CO: | |
é 5 ) E pentose Gop
E g ; é o phosphate I%P
o Z pathway
A8 Nl Tk
= £ i‘ X5p “ GAP
a B 8 NADP NAD
‘ - NADH
NADPH ¢~ (A)
NADH
NAD
ethanol + CO,

Verho et al.

Ficure 5: Model of the potential binding of NADP to GAPDH:

model of theK. lactis enzyme and (B) NAD-specificS.

cerevisiae enzyme. The model indicates why NADP can bind to
GDP1 (A) but not to other GAPDHSs (B).

whereas the absence of this negative charge allows NADP

Ficure 4: D-Xylose catabolic pathway and the possible role of
the NADP-GAPDH in the regeneration of both NADPH and NAD.

to bind, but does not interfere with the binding of NAD.

p-Xylose is converted to the pentose phosphate pathway intermedi- 1 NiS Might explain why the. lactis enzyme can use both

ate, p-xylulose 5-phosphate (X5P), via xylose reductase, xylitol
dehydrogenase, and xylulokinase. X5P is then converted, partially
via b-fructose 6-phosphate (F6P),deglyceraldehyde 3-phosphate
(GAP, 5/3 mol/mol of xylose). NADPH, which is utilized in the

cofactors.
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