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Abstract

The pentose phosphate pathway, which converts glucose-6-phosphate to pentose sugars 
and glycolytic and gluconeogenic intermediates, is the main source of NADPH in the cell 
and therefore essential for the maintenance of the redox balance and anabolic reactions. 
NADPH is produced in the oxidative branch of the pentose phosphate pathway that 
consists of three enzymes: glucose-6-phosphate dehydrogenase (Zwf1), gluconolactonase 
(Sol3) and 6-phosphogluconate dehydrogenase (Gnd1). Here we show that in the human 
opportunistic commensal yeast Candida albicans two enzymes of the oxidative branch 
of the pentose phosphate pathway, Zwf1 and Gnd1, have a dual localization. Both 
enzymes are mainly cytosolic, but a small fraction is peroxisome-associated, consistent 
with the putative peroxisomal targeting signals (PTSs) present in these proteins. While 
Zwf1 has a C-terminal PTS1, GND1 is a spliced gene consisting of two exons with a 
putative (in frame) PTS2 located in the intron. We provide different lines of evidence 
for the existence of the unspliced PTS2 form of Gnd1 that localizes to peroxisomes. By 
overexpressing the unspliced form of Gnd1 from an inducible promoter we show that the 
intron-encoded PTS2 is a functional targeting signal. By interfering with the translation 
of the spliced (cytosolic) GND1 mRNA, we show that the endogenous unspliced form 
of Gnd1 is peroxisomal and that it’s targeting is dependent on the PTS2 receptor Pex7. 
Dual localization of the oxidative pentose phosphate pathway seems to be a trait shared 
between C. albicans and C. tropicalis, and possibly other close relatives, as peroxisomal 
targeting signals in Zwf1 and Gnd1 are conserved between both species.
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Introduction

The pentose phosphate pathway, the anabolic alternative of glycolysis, is the main 
source of NADPH in the cell. The pathway utilizes the six carbons of glucose to 
produce five carbon sugars, hence the name pentose (Latin for five). In the oxidative 
stage of the pathway, glucose-6-phosphate is converted to gluconolactone by 
glucose-6-phosphate dehydrogenase (G6PDH or Zwf1) generating one molecule 
of NADPH. The second step of the pentose phosphate pathway that converts 6-
phophogluconolactone to 6-phophogluconate can occur spontaneously, but is 
catalyzed by gluconolactonase (Sol3). In the third and last step of the oxidative stage 
of the pentose phosphate pathway a second molecule of NADPH is produced by 6-
phosphogluconate dehydrogenase (Gnd1). This enzyme converts 6-phosphogluconate 
to the pentose sugar ribulose-5-phopshate, the precursor for nucleotides and nucleic 
acid synthesis. The subsequent steps of the non-oxidative pentose phosphate 
pathway are performed by epimerases, transketolases and transaldolases and serve 
to rearrange the carbon skeleton into glycolytic and gluconeogenic intermediates. 
The NADPH produced in the oxidative branch of the pentose phosphate pathway 
plays an important role in the regulation of the redox state of the cell, as  glutathione 
reductase (Glr1) and thioredoxin reductase (Trr1), which both play key roles in 
oxidative stress defense are NADPH-dependent enzymes (reviewed for S. cerevisiae 
by 14). The other important function of NADPH is to provide reducing power for 
anabolic reactions like lipid and nucleic acid synthesis. However, as far as we know 
of, no biosynthesis defects have been reported associated with pentose phosphate 
pathway deficiencies. Other minor sources of NADPH in the cell are NADP+-
dependent isocitrate dehydrogenase (Idp) and malic enzyme.

The pentose phosphate pathway is classically regarded as a cytosolic pathway, providing 
NADPH required for cytosolic oxidative stress defense and lipid and nucleic acid 
biosynthesis. However, several groups have reported (partial) localization of pentose 
phosphate pathway enzymes to peroxisomes in plants (8, 33) and mammals (2, 4, 11) 
or to glycosomes in trypanosomes (10, 15, 24, 37). Although the general mechanisms 
of how a single gene can give rise to proteins that are localized to different subcellular 
compartments have been extensively studied (reviewed by 18), it is unknown how dual 
localization is accomplished for the pentose phosphate pathway enzymes.

The requirement for a peroxisomal/glycosomal localization of NADPH producing 
enzymes of the pentose phosphate pathway has not yet been established although some 
suggestions have been put forward. For example peroxisomes and glycosomes contain the 
enzymes for the β-oxidation of fatty acids (26, 41) and the first enzyme of this pathway, 
acyl-CoA oxidase, produces H2O2 as a by-product. Fatty acid metabolism requires a high 
flux through β-oxidation, resulting in the production of high levels of reactive oxygen 
species (ROS). NADPH might play a role in combating oxidative stress in conjunction 
with the peroxisomal scavenging enzyme catalase that can decompose the reactive 
H2O2 (20, 21). In trypanosomes some purine salvage enzymes are glycosomal and the 
pentose phosphate pathway may provide both the ribose-5-phosphate and NADPH for 
biosynthetic purposes (43). 
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Targeting of proteins to peroxisomes is dependent on the presence of a peroxisomal 
targeting signal of which there are two well-described types: PTS1 and PTS2. The 
majority of peroxisomal proteins contain a PTS1 consensus sequence that is located 
at the extreme C-terminus of a protein and is defined as S/A/C-K/R/H-LCOOH (34). 
However, with the identification of more PTS1 proteins it became clear that the PTS1 
is not as strict as originally defined, but may vary depending on the organism (1, 5). 
Furthermore, amino acids upstream of the PTS1 may influence peroxisomal targeting. 
It was shown that humans have a preference for a lysine at the C-terminal –4 position 
and/or a leucine at position –5 (25). The PTS2 consensus sequence is only known from 
a small subset of proteins and therefore less well defined, but it is usually located close 
to the N-terminus and consists of the sequence R[L/V/I]X5[H/Q][L/A], where X is any 
amino acid (23, 29). The most well known PTS2 protein is 3-ketoacyl-CoA thiolase, 
which performs the final step of one round of β-oxidation. PTS1- and PTS2-containing 
proteins are synthesized in the cytosol where they are bound by their cytosolic 
receptors, Pex5 and Pex7, respectively. After docking of the PTS-receptor complex at 
the peroxisomal membrane the PTS-containing protein is imported into the organelle 
(reviewed by 6).

Figure 1. GND1 is a spliced gene with an in-frame PTS2 in its intron 
(A): Intron-exon structure of GND1: depicted are the 17 bp first exon (gray), an intron of 700 bp and the 
beginning of the 1471 bp long second exon (gray). The intron encodes a putative PTS2 (black box, white 
letters) that is in frame with the second exon. (B): Putative GND1 gene products are a spliced Gnd1 without 
any predicted targeting signals (middle) and a Gnd1 that is translated from the ATG in the intron and 
containing the PTS2 (below). 

We have studied the three enzymes of the oxidative stage of the pentose phosphate 
pathway in the human fungal pathogen Candida albicans. Inspection of the sequences 
of Zwf1, Sol3 and Gnd1 revealed that all harbor putative peroxisomal targeting 
signals. Zwf1 and Sol3 both have a putative PTS1, -VKGKICOOH and -LTSKYCOOH, 
respectively, while GND1 is a spliced gene containing a putative in frame PTS2 in its 
intron (NH2MKNFNALSRLSILSKQL-). The GND1 gene consists of two exons that are 
separated by a 700 bp intron, that encodes an in-frame PTS2 (Fig. 1A). The spliced Gnd1 
and the PTS2-containing Gnd1 are two hypothetical translation products that could 
derive from the single GND1 gene (Fig. 1B). In this study we show that the C. albicans 
dehydrogenases Zwf1 and Gnd1 partially localize to the peroxisomes en we provide 
compelling evidence for the means of dual targeting of Gnd1.

Figure 1

ATGTCTTCAGCTCCAAAGTATGTTACATATTCTATTTAGATTTCGTTTTT
TCTTTTTTGTTTTTTTATCCGATAGTTTGACATTCTTACCATGAAGTGAA
AAATGAGAGTGATCTTGATAATTAATTGGGCAATTGAAAGAGATGAGATT
TGATTATAATATAGGTCTATTATTGCAATTGGTTTGAAACCAACATTATA
ACTAATTCAAGTTTAAATGGGGAAAGATGTGATCCGTTTATCAATTGAAA
AGGGGAATTGGAGAAATTTCACACTCATTCCTGGCTCTTTCTCCCCTTGC
TTTTTTTCAACACATTTTTTTTATCATTGCTGGAAAAATTCTCCCTCACG
CCGAAATTAAATCTTTTTTTTTTCTCCTTTTCCTTTTAGGCCGATTTCCG
AATTTTAGTGCACAAGCAAGAGAAAAAAAGGTAGCAAAACTAATTCTAAA
ATGGACGAACGGTTGGAAGGATGGAGGGGTGGAGGATTTATTTAAATATT
CATCTAAATTCCCCCTCTCCCTTTTGTCCTGATTCACAAGTGTTTTCTTT
TTCTTTTTGTTTTTCATGTAATTGAAGGGTGTCTACATATCTATCAAATA
TTAACGAAATATAAAAATAAATCAAAAAAGGAAAATGAAAAATTTTAATG
CCTTATCAAGATTATCAATCTTGTCAAAACAATTATCGTTCAATAATACT
AACAGTTCTATTGCTAGAGGTGATATCGGTTTAATTGGTTTAGCCGTTAT
GGGTCAAAACTTGATTCTTAACATGGCCGACCATGGTTACACTGTTGTTG
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GND1

spliced GND1

PTS2 GND1
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MKNFNALSRLSILSKQLSFNNTNSSIARGDIGLIGLA

MSSAPKGDIGLIGLA
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Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC unless otherwise stated. For routine non-
selective culturing of C. albicans strains YPD + Uri (2% bactopeptone, 1 % yeast extract, 
2% glucose and 80 µg/ml uridine) was used. C. albicans transformants were selected 
and grown on minimal solid medium containing 0.67% Yeast Nitrogen Base (YNB) w/o 
amino acids (DIFCO), 2% glucose and amino acids as needed (20 µg/ml arginine, 20 
µg/ml histidine, 80 µg/ml uridine). Induction of peroxisomes was performed on YPO 
medium (2% bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/Tween-80) to which 
0.5% maltose was added for induction of the MAL2 promoter constructs (YPO/M).

Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of 
BWP17 (42) or SN76 (28). Plasmids and primers are listed in Table II and Table III, 
respectively. 

Table I. Yeast strains used in this study

Strain Name  Genotype      Reference

BWP17 wild type   ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  (42)
  auxotroph  arg4∆::hisG/arg4∆::hisG 
BWP17-P wild type   ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::HIS1  (30)
  prototroph arg4∆::hisG/arg4∆::ARG4 
SN76 wild type   arg4/arg4 his1/his1 ura3::imm434/ura3::imm434  (28)
  auxotroph  iro1::imm434/iro1::imm434 
SN76-P wild type   arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆::  Chapter 2
  prototroph imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
CKS38 pex7∆/∆ URA3 ura3∆::imm434/URA3 his1∆::hisG/his1∆::hisG   This study
    arg4∆::hisG/arg4∆::hisG pex7∆::ARG4/pex7∆::HIS1 
CKS01 GND1-GFP ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG GND1-GFP-URA3/GND1 
CKS27 pMAL2-   ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
  GND1spliced-GFP arg4∆::hisG/arg4∆::hisG 
    HIS1-pMAL-GND1cyt-GFP-URA3/GND1 
CKS28 pMAL2-  ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
  GND1PTS2-GFP  arg4∆::hisG/arg4∆::hisG 
    HIS1-pMAL-GND1PTS2-GFP-URA3/GND1   This study 
CKS39 GND1-GFP  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434

  (with pKa19) iro1∆::imm434/iro1∆::imm434 GND1-GFP-URA3/GND1 
CKS51 GND1M001*-GFP arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434 This study
  (with pKa24) iro1∆::imm434/iro1∆::imm434 GND1M001*-GFP-URA3/GND1 
CKS53 pex7∆/∆   arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434  This study
  GND1M001*-GFP iro1∆::imm434/iro1∆::imm434 pex7∆::ARG4/pex7∆::HIS1 
    GND1M001*-GFP-URA3/GND1 
CKS54 Thiolase-GFP arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434  This study
    iro1∆::imm434/iro1∆::imm434 Thiolase-GFP-URA3/Thiolase 
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The C. albicans genes encoding the three enzymes of the oxidative branch of the 
pentose phosphate pathway were identified based on their sequence similarity with the 
S. cerevisiae genes. For each of the S. cerevisiae genes a single putative ortholog was 
identified in C. albicans: orf19.4754 (ZWF1), orf19.704 (SOL3) and orf19.5024 (GND1). We 
attempted to construct double knockouts of the two dehydrogenases, ZWF1 and GND1, 
using a PCR-mediated disruption technique (34). However, we were not able to obtain 
double knockouts for either of the genes, suggesting that they are essential in C. albicans. 
We identified C. albicans orf19.89 as the ortholog of the S. cerevisiae PTS2 receptor gene 
PEX7 and constructed a C. albicans pex7∆/∆ null strain using standard procedures using 
S1 and S2 and reamplification primers (34). One of the GND1 alleles was C-terminally 
tagged with GFP using the pFA-GFP-URA3 plasmid (nr. 316) and the methods described 
by Gola et al. (13). We constructed strain pMAL2-GND1spliced and pMAL2-GND1PTS2 by 
transformation of a PCR product containing the MAL2 promoter to Gnd1-GFP strain 
CKS01. For pMAL2-GND1spliced primers KS34 & KS45 were used in a PCR reaction on 
the pFA-HIS1-MAL2prom. The obtained PCR product was transformed to strain CKS01, 
resulting in the deletion of the first exon and the complete intron while inserting the 
sequences of the first exon upstream of the second exon, thereby creating a continuous 
frame that resembles the spliced mRNA sequence. To create pMAL2-GND1PTS2 primers 
KS34 & KS30 were used in a PCR reaction on the pFA-HIS1-MAL2prom plasmid. The 
obtained PCR product was transformed to CKS01, resulting in insertion of the MAL2 
promoter just upstream the in-frame ATG in the intron and at the same time deleting of 
the first exon together with the remaining part of the intron. Plasmid pKa19 (containing 
GND1-GFP-URA3) was constructed as follows: primers KS62 & KS63 and KS64 & KS65 
were used for two PCR reactions using genomic DNA from the C. albicans GND1-GFP 
strain as a template. The two PCR products were cloned SacII/XbaI and XbaI/BamHI, 
respectively, into pBLEUSCRIPT SK+ (Fermentas), resulting in a plasmid that harbors a 565 
bp GND1 promoter region, the complete GND1 gene (including both exons and the intron) 
fused in frame to GFP and the URA3 marker (pKa19). The first ATG of the first exon of 
GND1-GFP was mutated into a stop codon (mutation M001*) by site-directed mutagenesis 
on pKa19 with primers KS120 & KS121 using the QuikChange Kit (Stratagene), resulting 
in pKa24. Theoretically, mutation of the first ATG would rid the cell of cytosolic Gnd1-
GFP but leave the putative Gnd1PTS2-GFP unaffected. 

Table II. Plasmids used in this study

Plasmid   Name/purpose  Reference

pLUBP   URA3 complementation (31)
pGEM-T    Cloning of PCR products Promega
pBLUE-SCRIPT SK+  Cloning of GND1-GFP Fermentas
pFA-ARG4  Disruption with ARG4 (13)
pFA-HIS1   Disruption with HIS1 (13)
pFA-GFP-URA3  C-terminal tagging with GFP (13)
pFA-HIS1-MAL2prom Insertion of MAL2 promoter (13)
pMG1506 (1602)  Template GFP-URA3 (12)
pKa19   GND1-GFP-URA3  This study
pKa24   GND1M001*-GFP-URA3 This study
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Plasmids pKa19 and pKa24 were both digested with restriction enzymes BstAPI and 
AclI and the fragment encompassing the complete GND1-GFP-URA3 sequence was 
purified from an agarose gel and transformed to C. albicans strain BWP17. To tag the 
peroxisomal thiolase with GFP, a PCR product was obtained with primers POT11-F1 and 
R1 on plasmid pMG1506 (1602) (12), which was amplified by a second PCR with POT11-
F2 and R2. The PCR product was transformed to BWP17 and tested for peroxisomal 
fluorescence, resulting in strain CKS54.

Table III. Primers used in this study

Primer   5’-3’ sequence
KS01, GND1_S1  ctttttgtttttcatgtaattgaagggtgtctacatatctatcaaatattaacgaaatataaaaataaatcaaaa 

   aaggaaaGAAGCTTCGTACGCTGCAGGTC
KS04, GND1_F_Re  CTTTTTGTTTTTCATGTAATTG
KS05, GND1_R_Re  TTACGAAGCCACTTTCGGAGT
KS02, GND1_S2  cttacgaagccactttcggagtctcttcattacacaataactaatattaatattaatattaatattaatgttcatt 

   gTCTGATATCATCGATGAATTCGAG
KS03, GND1_XFP_S1 gaattgttgaagaaagatgaatggattcacattaactggactggtagaggtggtgatgtttcttcaactactta 

   cgatgctGGTGCTGGCGCAGGTGCTTC
KS06, GND1_XFP_F_Re GAATTGTTGAAGAAAGATGAATG
KS34, GND1_S1_ATG1 ctttcttctctattgaagtttgtcttttattcattcaattcaattgatttaagaaaaacaactacaacttactact 

   acaacaacaGAAGCTTCGTACGCTGCAGGTC
KS37, GND1_al2_F-Re ctttcttctctattgaagtttg
KS45, GND1_MAL_S2 caacagtgtaaccatggtcggccatgttaagaatcaagttttgacccataacggctaaaccaattaaaccga 

 spliced only tatcaccttttggagctgaagaCATTGTAGTTGATTATTAGTTAAACCAC
KS46, KS45_Re  caacagtgtaaccatggtcg
KS30, GND1_MAL_S2  ctagcaatagaactgttagtattattgaacgataattgttttgacaagattgataatcttgataaggcattaaaa 

 PTS2 only  tttttCATTGTAGTTGATTATTAGTTAAACCAC
KS31, GND1_MAL_R_Re ctagcaatagaactgttagtat
KS62, F_GND1_SacII tccCCGCGGatcagaaaagcaggagtaaggag
KS63, R_GND1 (XbaI) gctttagaggcttcaactctttc
KS64, F_GND1 (XbaI) ggtaaatggactgctgtcaatg
KS65, R_GND1_BamHI cgGGATCCctactactgcttgtttggatgc
KS120, F_GND1_SD_M001* acttactactacaacaacaTAGtcttcagctccaaagtatgtt
KS121, R_GND1_SD_M001* aacatactttggagctgaagaCTAtgttgttgtagtagtaagt
KS96, ZWF1_S1  caattgaaacattacaaaccttttactatattgattgatttcttcttgataacccaccgttttaacatatacaca 

   caccaatattGAAGCTTCGTACGCTGCAGGTC
KS99, ZWF1_F_Re  caattgaaacattacaaaccttt
KS97. ZWF1_S2  gaaaataaaaacatacattcatagaacttaaaagactaactaagtactataaaagacaccataaagaaactt 

   cttcatttttTCTGATATCATCGATGAATTCGAG
KS100, ZWF1_R_Re  gaaaataaaaacatacattcatag
KS90, PEX7_S1  cttaatacgccgatataatagaaaaaaaattaacctacactaagaagtatatatatattcaatcatcaaagaca 

   cagtacttagttGAAGCTTCGTACGCTGCAGGTC
KS92, PEX7_F_Re  cttaatacgccgatataatagaa
KS91, PEX7_S2  gaaaagtgattatattccgatcacttttctatgcaaataaaagaaaaaatgcaaaacttcctcaaacaagcca 

   tagcatcaaacTCTGATATCATCGATGAATTCGAG 
KS93, PEX7_R_Re  gaaaagtgattatattccgatct
POT11-F1   aggtgaaattggtttgacttctatgtgtatcggtagtggtatgggtgctgcctccatattgattaaggaaggtg 

   gtggttctaaaggtgaagaattattcac
POT11-R1   tattatcccatcaacagcgtatattacctcccaccgataaacgtggtatattttccccacagagctcatctcta 

   gaaggaccacctttgattg
POT11-F2   aggtgaaattggtttgacttc
POT11-R2  tattatcccatcaacagcg
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Transformation
C. albicans was transformed using a modified lithium acetate protocol (39). The heat shock 
was carried out at 44ºC for 15 minutes.

Subcellular fractionation, Nycodenz gradient and enzyme assays
Subcellular fractionations and Nycodenz density gradients were performed as 
previously described (Chapter 2). Fractions were analyzed for the presence of enzymatic 
activity of the peroxisomal marker 3-hydroxyacyl-CoA dehydrogenase (3HAD) (40) 
and mitochondrial marker Fumarase (35). Glucose-6-phosphate dehydrogenase 
activity was measured essentially as previously described by Kuby and Noltman (22) 
with some adjustments. Activity was measured at 37ºC by monitoring the absorption 
at 340 nm over a time span of at least 5 minutes using a reaction mixture with the 
following components: 83 mM glycylglycine buffer pH 8, 0.33 mM NADP+, 5 mM 
MgSO4 0.1% Triton-100 and the sample to be analyzed. The reaction was started 
by addition of 1 mM glucose-6-phosphate. The change in absorbance of a solution 
without sample was recorded and substracted to determine the specific activity in 
each sample. 6-Phosphogluconate dehydronenase activity was measured essentially 
as previously described by Berdis and Cook (3) with some adjustments. Activity was 
measured at 37ºC by monitoring the absorption at 340 nm over a time span of at least 
5 minutes using a reaction mixture with the following components: 100 mM Hepes pH 
7 (to pH with KOH), 200 µM NADP+, 0.1% Triton-100 and the sample to be analyzed. 
The reaction was started by addition of 2 mM 6-phosphogluconate. The change in 
absorbance of a solution without sample was recorded and substracted to determine 
the specific activity in each sample.

Fluorescence microscopy
Strains were grown on YPO or YPO/M, washed twice with H2O and embedded in 
2% low melting point agarose (Boehringer Mannheim) and photographed using an 
Axiophot 2 microscope (Carl Zeiss) equipped with a Coolsnap HQ ditial camera 
(Photometrics). Image processing was performed using Imago-Pro Express software 
(Media Cybernetics).

Immuno-electron microscopy
Oleate-induced cells were fixed with 2% (wt/vol) formaldehyde, and ultrathin sections 
were prepared as described previously (17). Immunolabeling was performed using 
antibodies directed against GFP or S. cerevisiae 3-ketoacyl-CoA thiolase and gold-
conjugated protein A.

Results

The dehydrogenases of the oxidative branch of the pentose phosphate pathway have 
a dual localization in C. albicans
To investigate the localization of the oxidative branch of the pentose phosphate 
pathway in C. albicans, we performed subcellular fractionation experiments on oleate-
grown cells. A total homogenate (H) was separated by centrifugation into an organellar 
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pellet fraction (P), consisting mainly of mitochondria and peroxisomes, and a cytosolic 
supernatant (S). Next, the distribution over the fractions of the peroxisomal and 
mitochondrial marker enzymes 3HAD (a PTS1 protein) and fumarase, respectively, 
and the pentose phosphate pathway dehydrogenases Zwf1 and Gnd1 was determined. 
About 90% of Zwf1 and 95% of Gnd1 activity was found in the S fraction, while the 
peroxisomal and mitochondrial markers 3HAD and fumarase were predominantly 
recovered in the P fraction, indicating that the dehydrogenases of oxidative pentose 
phosphate pathway are mainly cytosolic (Fig. 2A). 

Figure 2. The pentose phosphate pathway of C. albicans is both cytosolic and peroxisomal
Subcellular fractionation of C. albicans wild type cells. Enzymatic activities of the peroxisomal marker 3HAD, 
the mitochondrial marker Fumarase, glucose-6-phosphate dehydrogenase (Zwf1) and 6-phosphogluconate 
dehydrogenase (Gnd1) in the different fractions are shown. H = homogenate, P = organellar pellet, S = supernatant 
containing cytosol (A). The wild type P fraction was analyzed on a Nycodenz gradient to separate organelles 
according to density. Fraction 1 represents the bottom of the gradient, fraction 12 the top. Immunoblots were 
performed on the fractions to reveal the localization of the peroxisomal PTS2 enzyme Thiolase and the cytosolic 
enzyme Hexokinase (B). The same experiment was performed with a strain in which the gene for the PTS2 
receptor Pex7 was deleted (C and D).

The remaining 5-10% activity of Zwf1 and Gnd1, however, was found in the organellar 
fraction. To rule out contamination of the organellar fraction with cytosolic enzymes the 
pellet fraction was analyzed in more detail on Nycodenz density gradients. Fractions were 
assayed for activities of 3HAD, Fumarase, Zwf1 and Gnd1 as well as for the distribution 
of the cytosolic marker hexokinase and the PTS2-protein thiolase by immunoblotting. 
The activity of Zwf1 showed a clear colocalization with the peroxisomal marker 3HAD 
while Gnd1 activity only partially co-localized with this peroxisomal marker (Fig. 2B). 
No hexokinase was found in the peroxisomal peak fraction indicating that the Zwf1 
and Gnd1 activities in these fractions are not caused by contamination with cytosolic 
enzymes. An additional Gnd1 peak was observed in the middle of the gradient, which 
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is probably due to the presence of whole cells/unbroken spheroplasts at this position in 
the gradient as suggested by the presence of the cytosolic marker hexokinase in these 
fractions. The small Gnd1/Zwf1 peak in the top of the gradients could be caused by 
specific leakage of peroxisomal proteins, as thiolase is also found in these fractions. 
Together, these results suggest that the two dehydrogenase of the oxidative pentose 
phosphate pathway are localized to both the cytosol and peroxisomes.

Zwf1 and Gnd1 are imported into peroxisomes by different receptors
Peroxisomal proteins are imported into peroxisomes by the cycling receptors Pex5 and 
Pex7. Pex5 is specific for the import of PTS1 proteins while Pex7 recognizes and imports 
PTS2 proteins. We constructed a C. albicans null strain of the PTS2 receptor Pex7 and 
performed subcellular fractionation and Nycodenz gradient analysis on this strain to 
determine whether peroxisomal import of Zwf1 and Gnd1 is Pex7-dependent. (Fig. 2C 
and D). The pellet/supernatant distribution of Zwf1 and Gnd1 in the pex7∆/∆ strain 
was similar to that of wild type cells. The gradient of the pex7∆/∆ mutant showed a clear 
Zwf1p peak that co-localized with peroxisomal marker 3HAD while very little Gnd1 
activity was associated with the peroxisomal peak fractions (Fig. 2D). The relative high 
amounts of peroxisomal, mitochondrial and cytosolic proteins in the top of the gradient 
are probably caused by (contaminating) spheroplasts in the organellar pellet that were 
lysed during loading of the pellet fraction on the gradient. Notwithstanding the above, 
the data show that the peroxisomal localization of Zwf1 is not dependent on Pex7, which 
is in line with the putative PTS1 sequence in Zwf1 (-VKGKICOOH). Whether peroxisomal 
targeting of Zwf1 is indeed Pex5-mediated could not be determined because 
fractionation of a pex5∆/∆ did not give reproducible results. The absence of Gnd1 in 
the peroxisomal peak fractions of the pex7∆/∆ strain suggests that Gnd1 import is 
indeed Pex7p-dependent and supports the intriguing hypothesis that peroxisomal 
Gnd1 is encoded by the unspliced PTS2 form of of GND1. 

The PTS2 encoded in the intron targets GND1 to peroxisomes 
To provide further evidence for the dual localization of Gnd1, we C-terminally tagged 
the gene with GFP at is chromosomal locus leaving the N-terminal region including 
the putative PTS2 unmodified (see Materials and Methods). Fluorescence microscopy 
revealed a strong homogenous fluorescent signal throughout the cell, confirming that 
the majority of Gnd1-GFP is localized to the cytosol (Fig. 3A). To determine whether 
the putative PTS2 in the intron of GND1 is functional, we constructed two strains: 
Gnd1spliced-GFP and Gnd1PTS2-GFP. Gnd1spliced-GFP exclusively expresses the spliced 
Gnd1-GFP mRNA as the intron with the putative PTS2 was deleted. The first exon and 
the 5’ part of the intron were deleted to construct the Gnd1PTS2-GFP that exclusively 
expresses the PTS2-containing Gnd1-GFP. Both constructs were placed under control 
of the inducible MAL2 promoter. Strains were grown on rich oleate medium with 
0.5% maltose to induce both peroxisomes and expression of the pMAL2-controlled 
Gnd1-GFP constructs. The Gnd1spliced-GFP strain showed bright cytosolic fluorescence 
(Fig. 3B). Overexpression of the Gnd1PTS2-GFP construct resulted in a typical 
punctated fluorescence pattern, suggesting that the PTS2 in the GND1 intron indeed 
is a functional peroxisomal targeting signal (Fig. 3C). To unambiguously show that 
GND1PTS2-GFP is located in peroxisomes, we performed immuno-electron microscopy 
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on the GND1PTS2-GFP strain grown on rich oleate medium with 0.5% maltose and 
detected the tagged protein with a GFP antibody (Fig. 3D). Gold particles specifically 
decorated peroxisomal profiles, while little labeling was seen in the cytosol or on other 
organelles, confirming that GND1PTS2-GFP is imported into peroxisomes. 

Figure 3. The PTS2 in the intron of GND1 is a functional targeting signal
(A): Schematic representation and fluorescence microscopy of a strain expressing GFP tagged Gnd1 from 
its endogenous promoter. (B): Schematic representation and fluorescence of strain pMAL2-GND1spliced that 
exclusively expresses the spliced GND1 mRNA without the intron from the strong MAL2 promoter. The 
strain was grown on rich oleate medium with 0.5% maltose. (C): Schematic representation and fluorescence 
microscopy of pMAL2-GND1PTS2 exclusively expression the PTS2 form of Gnd1 from the MAL2 promoter 
grown on rich oleate medium with 0.5% maltose. (D): Immuno-electron microscopy of pMAL2-GND1PTS2 
grown on rich oleate medium with 0.5% maltose. Thin sections were incubated with α-GFP antibodies and 
protein A gold. Peroxisomes (P) and mitochondria (M) are indicated. Bars represent 250 nm.

The endogenous unspliced PTS2 form of GND1 is localized to peroxisomes in a Pex7-
dependent manner
The results thus far show that the unspliced GND1 mRNA is expressed and that the 
intron encodes a functional PTS2. To visualize the endogenous GND1PTS2, we cloned 
GND1-GFP including 800 bp 5’ untranslated region, both exons and the intron into 
a plasmid and mutated the ATG of the first exon into a stop codon (GND1M001*-GFP), 
thereby disturbing the translation initiation of the spliced (cytosolic) Gnd1-GFP and 
reducing the cytosolic fluorescent signal.  The unmodified GND1-GFP construct and 
the GND1M001*-GFP construct were transformed to the wild type C. albicans strain 
and the latter was also transformed to a pex7∆/∆ null strain lacking the PTS2 receptor. 
Expression of the constructs was tested by immunoblot analysis with an affinity-purified 
α-GFP antibody. The unmodified Gnd1-GFP construct in the wild type background 
showed a single band running at about 80 kDa that was absent from the untransformed 
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wild type strain. Expression of the GND1M001*-GFP construct in the wild type and 
pex7∆/∆ background yielded a band of approximately the same size as the unmodified 
GND-GFP but of a severely reduced intensity (Fig. 4A). The intensity of the GND1M001*-
GFP band is less than 10% of the unmodified construct (compare lanes 3 and 4), which 
is in agreement with the 5-10% Gnd1 activity found to be organelle-associated in the 
fractionation experiment shown in Figure 2. Next the strains were analyzed by direct 
fluorescence microscopy. To visualize peroxisomes a strain expressing GFP-tagged 
thiolase (a PTS2 protein) was taken along as well as an untransformed wild type cells to 
determine background (auto)fluorescence (Fig. 4E and F). 

Figure 4. Visualization of the endogenous Gnd1PTS2-GFP in wild type and the pex7 null strain
(A): Immunoblots of total cell extracts of the untransformed wild type strain, Gnd1-GFP, Gnd1-GFP 1:10 
dilution, Gnd1M001*-GFP and pex7∆/∆ Gnd1M001*-GFP strains. Blots were incubated with antibodies directed 
against GFP. Fluorescence microscopy of Gnd1-GFP (B), Gnd1M001*-GFP (C), pex7∆/∆ Gnd1M001*-GFP (D), the 
untransformed wild type (E) and peroxisomal fluorescence of Thiolase-GFP (F). 

Wild type cells expressing the unmodified GND1-GFP construct showed bright 
cytosolic staining (Fig. 4B) comparable to that of cells expressing GFP-tagged Gnd1 
from its chromosomal locus (Fig. 3A). In wild type cells expressing Gnd1M001*-GFP 
about 3-7 weakly fluorescent dots/cell were visible (Fig. 4C), a pattern that resembles 
peroxisomal fluorescence as seen in the thiolase-GFP strain (Fig. 4F). In pex7∆/∆ cells 
expressing Gnd1M001*-GFP no punctated fluorescent structures were seen, instead the 
cells showed a very weak cytosolic fluorescence just above background levels (compare 
with Fig. 4E, untransformed wild type cells) indicating mislocalization of the Gnd1M001*-
GFP construct in the absence of the PTS2 receptor Pex7. (Fig. 4D). In conclusion, these 
data corroborate the subcellular fractionation experiments and show that the (unspliced) 
PTS2 form of Gnd1 is localized to peroxisomes in a Pex7-dependent manner. 
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The dual localization of Gnd1 and Zwf1 is predicted to be conserved between C. albicans 
and Candida tropicalis
We investigated the occurrence of peroxisomal targeting signals in the enzymes of the 
oxidative pentose phosphate pathway of close relatives of C. albicans using the genomes 
available on the website of the Broad Institute (http://www.broad.mit.edu/node/568) and 
the Genolevure Consortium (http://cbi.labri.fr/Genolevures/). The occurrence of a PTS1 
targeting signal in Zwf1 is conserved between C. albicans and the pathogenic yeast Candida 
tropicalis, one of its closest known relatives (both Zwf1 proteins end with –VKGKICOOH). 
Although currently not annotated as such, C. tropicalis GND1 appears to have an almost 
identical intron-exon structure compared to C. albicans, including a putative in frame 
PTS2 encoded in the intron. Another relatively close relative of C. albicans, Debaryomyces 
hansenii does have a GND1 that is predicted to be spliced, but no apparent peroxisomal 
targeting signal is present neither in the intron nor in the exon sequences. GND1 of 
Candida lusitaniae is not predicted to be a spliced gene, but it does have a classical PTS2 
in its N-terminus, while Candida lusitaniae Zwf1 has a putative PTS1 (-VKGKMCOOH). 
Localization experiments need to be performed to determine targeting of the oxidative 
pentose phosphate pathway in these yeasts. However, we suggest that a peroxisomal 
localization of the oxidative branch of the pentose phosphate pathway is probably not 
restricted to C. albicans, but that some of its close relatives also target these NADPH 
producing enzymes to their peroxisomes.

Figure 5. Occurrence of splicing and peroxisomal targeting signals in Gnd1 of various yeasts
Alignment of the N-terminal region of the predicted spliced and unspliced Gnd1 variants of C. albicans (Ca), 
C. tropicalis (Ct), C. lusitaniae (Cl) and D. hansenii (Dh). Amino acids identical in all sequences (dark grey) 
or some sequences (light grey) are indicated. Black boxes indicate (putative) PTS2 sequences.

Discussion

Dual targeting of proteins encoded by a single gene can be achieved at the level of 
transcription, splicing or translation, resulting in the synthesis of two proteins that 
either contain or lack a targeting signal. However, recently it has emerged that a single 
translation product can also be localized two different compartments, a process that 
may be regulated by differential protein folding, post-translational modification or 
protein-protein interactions (reviewed by 18). Here we show that the NADPH-producing 
dehydrogenases Zwf1 and Gnd1 of the oxidative branch of the pentose phosphate 
pathway in C. albicans have a dual localization and are distributed between the cytosol 
and the peroxisome, but that the mechanism of dual targeting differs between both 
proteins. C. albicans ZWF1 is a non-spliced single gene, presumably giving rise to a 
single translation product containing a non-classical PTS1 that leads to dual targeting. 
Gnd1 on the other hand is a spliced gene with a PTS2 in it’s intron that might yield 
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two mRNAs resulting in two translation products of which only one contains the 
peroxisomal targeting signal.  

Peroxisomal targeting of Zwf1, the first dehydrogenase of the pentose phosphate 
pathway, is independent of the PTS2 receptor Pex7 (Fig. 2). This observation in 
conjunction with the presence of a non-classical PTS1 targeting signal in the C-
terminus of Zwf1 (-VKGKICOOH), suggests that targeting of this protein is dependent 
on the PTS1 receptor Pex5. It has been shown previously that the tripeptide GKI can 
function as a peroxisomal targeting signal in C. albicans (1). In this paper, Aitchinson 
and coworkers showed that the carboxyl-terminal tripeptide of trifunctional enzyme 
HDE of Candida tropicalis (-DKAKICOOH) is essential for targeting to peroxisomes. 
Mutation of this tripeptide to GKI still resulted in peroxisomal targeting, both in 
C. tropicalis and C. albicans, but not in S. cerevisiae. These experiments show that GKI 
is a bona fide peroxisomal targeting signal in C. albicans and underscores the previously 
observed targeting variation between species (1). Interestingly, the C-terminal five amino 
acids of Zwf1 in C. tropicalis are strictly conserved compared to C. albicans, suggesting 
a similar distribution of the enzyme in this organism. How dual targeting of Zwf1 is 
brought about remains to be investigated. As Zwf1 is encoded by a single, non-spliced, 
gene and the targeting signal is located in the C-terminus, it is likely that the non-
consensus PTS1 in the single translation product results in dual targeting. This could be 
accomplished by inefficient peroxisomal targeting due to the presence of a suboptimal or 
weak PTS1 that has a low affinity for the PTS1 receptor Pex5p. Such a mechanism would 
be similar to that proposed for dual targeted mitochondrial proteins, which were found 
to have weak mitochondrial targeting signals based on the MitoprotII score (7, 9, 32). 

Dual targeting of Gnd1 to both cytosol and peroxisomes can be accomplished by 
expression of two mRNA’s: one spliced mRNA that encodes the cytosolic Gnd1 and 
one mRNA that contains the in frame PTS2 encoded by the intron (Fig. 3). Gnd1 
containing the PTS2 is imported into peroxisomes as shown by over-expression of 
Gnd1PTS2-GFP (Fig. 3) and by disturbing translation of the (spliced) cytosolic Gnd1 (Fig. 
4C). Peroxisomal targeting of the Gnd1M001*-GFP construct expressing the PTS2 form 
at endogenous levels is dependent on PTS2 receptor Pex7 (Compare Fig. 4C and 4D). 
Therefore we conclude that the peroxisomal Gnd1 of C. albicans can be added to the 
surprisingly short list of known PTS2 proteins. Although we cannot conclude it with 
certainty, we hypothesize that transcription of the mRNA that encodes the peroxisomal 
Gnd1 starts from a promoter that is located in the intron of GND1 and that transcription 
of the spliced mRNA starts upstream from the first exon. Further experiments are 
necessary to investigate the transcriptional regulation of GND1. C. albicans Gnd1 is 
a good example of how a targeting signal encoded in an intron can contribute to dual 
targeting of a protein. Another known example of dual targeting by means of a PTS2 in 
an intron is Arabidopsis thaliana Transthyretin-Like Protein (TLP). Tlp is a bifunctional 
protein that consists of a carboxylase and a hydrolase domain and is synthesized in three 
different splice variants. The full-length Tlp protein carries a predicted internal PTS2 
in the linker region between the two functional domains and the two shorter splice 
variants lack the internal PTS2 (33). 
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The localization of the third enzyme of the oxidative branch of the pentose phosphate 
pathway, Sol3, has not been determined, but the presence of a (non-classical) PTS1 
(-LTSKYCOOH) suggests that it may be (partially) localized to peroxisomes. Moreover, 
the proven peroxisomal localization of Zwf1 implies the presence Sol3 in the same 
compartment, as the product of Zwf1, 6-phosphogluconolactone, needs to be hydrolyzed 
efficiently to prevent the formation of the gamma form of 6-phosphogluconolactone which 
is an enzymatic dead end (27). Further experiments are required to address this issue.

Occurrence of a (partially) peroxisomal pentose phosphate pathway is clearly conserved 
from mammals to plants to trypanosomes (2, 4, 8, 10, 11, 15, 24, 33, 37) and we show 
here that the oxidative pentose phosphate pathway is also peroxisomal in the yeast 
C. albicans. Moreover, analysis of the C. tropicalis pentose phosphate genes suggests 
that the mechanism of targeting of the three enzymes of the oxidative branch seems 
to be conserved in this close relative of C. albicans. While the intron-exon structure 
that is instrumental in dual targeting of Gnd1 is conserved between C. albicans, 
C. tropicalis and D. hanseniae, the latter organism does not have a recognizable 
targeting signal encoded in the intron. GND1 of C. lusitaniae, on the other hand, does 
encode a putative PTS2, but there are no indications that the gene is spliced (Fig. 6). 
Localization of the pentose phosphate pathway enzymes remains to be investigated 
in these organisms, but the differences between these closely related species suggest 
evolutionary divergence, which may correlate with pathogenicity. 

The exact function of the peroxisomal oxidative pentose phosphate pathway remains 
to be established, although a relation with redox management and oxidative stress 
defense seems likely in a compartment that is named after the continuous production of 
peroxide. The H2O2 produced in peroxisomes is decomposed by catalase, which is mainly 
a peroxisomal enzyme in C. albicans (30). However, catalase can be inactivated by its 
own substrate H2O2 (19), and the interaction of the enzyme with NADPH was shown to 
play an important role in preventing H2O2-mediated catalase inactivation. Furthermore, 
glutathione reductase (Glr1) of both C. albicans and S. cerevisiae are partially localized 
to peroxisomes (Chapter 7 and reference 38), an enzyme that is dependent on NADPH 
for the reduction of glutathione. Another known NADPH-requiring peroxisomal process 
is the breakdown of fatty acids with double bonds at even positions by the enzyme 2,4-
dienoyl-CoA reductase. In the yeast S. cerevisiae one of the three NADPH-producing 
isocitrate dehydrogenase, Idp3, was shown to be localized to peroxisomes and required 
for growth on fatty acids such as arachidonic, linoleic and petroselenic acid (16, 36). The 
C. albicans genome does encode orthologs of the cytosolic Idp1 and the mitochondrial 
Idp2, however it lacks a peroxisomal Idp3 ortholog. Therefore we hypothesize that while S. 
cerevisiae arranged peroxisomal production of NADPH by targeting of Idp3, in C. albicans 
and C. tropicalis dual localization of the oxidative branch of the pentose phosphate 
pathway has solved that necessity. Unfortunately, we have not been able to test either 
of these hypotheses since both ZWF1 and GND1 are essential genes in C. albicans (our 
unpublished results). 
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