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Abstract

Plasmodium falciparum enolase (Pfeno) localizes to the cytosol, nucleus, cell membrane and
cytoskeletal elements, suggesting multiple non-glycolytic functions for this protein. Our recent
observation of association of enolase with the food vacuole (FV) in immuno-gold electron
microscopic images of P. falciparum raised the possibility for yet another moonlighting function
for this protein. Here we provide additional support for this localization by demonstrating the
presence of Pfeno in purified FVs by immunoblotting. To examine the potential functional role of
FV-associated Pfeno, we assessed the ability of Pfeno to complement a mutant Saccharomyces
cervisiae strain deficient in enolase activity. In this strain (Tetr-£no2), the enolase 1 gene is
deleted and expression of the enolase 2 gene is under the control of a tetracycline repressible
promoter. Enolase deficiency in this strain was previously shown to cause growth retardation,
vacuolar fragmentation and altered expression of certain vacuolar proteins. Expression of Pfeno in
the enolase-deficient yeast strain restored all three phenotypic effects. However, transformation of
Tetr-eno2 with an enzymatically active, monomeric mutant form of Pfeno (A5Pfeno) fully
restored cell growth, but only partially rescued the fragmented vacuolar phenotype, suggesting
that the dimeric structure of Pfeno is required for the optimal vacuolar functions. Bioinformatic
searches revealed the presence of Plasmodium orthologs of several yeast vacuolar proteins that are
predicted to form complexes with Pfeno. Together, these observations raise the possibility that
association of Pfeno with food vacuole in Plasmodium may have physiological function(s).
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Introduction

Malaria is one of the most severe infectious diseases, resulting in ~250 million cases and ~1
million deaths annually [1]. In the intraerythrocytic stages, which are responsible for
morbidity and mortality, the parasite feeds extensively on host cell hemoglobin. The
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degradation of hemoglobin occurs in the food vacuole (FV) [2, 3], an organelle that is
similar to the lysosomal compartment in eukaryotic cells. The amino acids so produced are
used for rapid growth and asexual proliferation of the parasite, while heme is converted into
a crystalline malarial pigment called hemozoin [4-6]. In addition to hemoglobin degradation
and heme polymerization, the parasite FV is also the site for the detoxification of oxygen
free radicals, offering a multitude of opportunities for antimalarial drug targeting [7].
Indeed, drugs that interfere with the vacuolar processes are known to cause parasite
death[8-10].

The fact that the FV contains proteases that degrade hemoglobin within an acidic
environment [9, 11, 12] suggests it to be similar to eukaryotic lysosomes. However, our
knowledge about the biogenesis of FV in the parasite is rather poor and there is no clear
morphological evidence for the presence of classical eukaryotic endosome-lysosome-like
system in Plasmodium [4-6]. Electron microscopic studies on single thin sections of
Plasmodium suggest that endocytic vesicles may originate from the parasite surface via a
cytoskeletal ring called cytostome [13, 14] and receive degradative enzymes from the
parasite’s secretory system to cytostomal vesicles [15]. Thus the substrate hemoglobin and
digesting enzymes may be carried together through these cytostomal endocytic vesicles that
ultimately fuse with the FV. Evidence for mechanisms involving the transport of
hemoglobin to the FV through a vesicle independent pathway have also been provided [16].
In a recent paper, it was proposed that cytosol and hemoglobin filled cytostomal vesicles
invaginate, forming acidified peripheral structures where digestion of hemoglobin can occur
along with the formation of hemozoin. With the maturation of the parasite, such hemozoin
containing vesicles can fuse to form a single acidic FV that can be further fed by the
hemoglobin filled vesicles [17]. An alternative mechanism has been proposed in which the
FV initially arises as a result of a single event in the ring stage, called the ‘Big gulp’,
wherein the parasite folds onto itself to engulf a large volume of hemoglobin. This event is
proposed to be the first step in the biogenesis of the parasite’s lysosomal compartment, the
FV [18]. Among the multiple pathways that have been proposed for the formation of FV,
those that involve generation of small hemoglobin vesicles (SHVs) from the cytostome are
more akin to classical endocytosis where vesicles are small and bear the early endosomal
regulatory protein Rab5a. Feeding via the cytostome and consequent generation of SHVS is
seen in the trophozoite stage [17, 18]. Thus there appear to be multiple pathways for
hemoglobin ingestion and transport to the FV, some of which may be unique to the parasite
while others resemble vacuolar trafficking in higher eukaryotes, such as Saccharomyces
cerevisiae, where the molecular components of the vacuolar machinery are relatively better
understood.

One surprising component of the Saccharomyces cerevisiae vacuolar fusion machinery is the
glycolytic enzyme enolase [19]. Yeast enolase associates with lysosomes and is required
homotypic vacuolar fusion /n vitro. In enolase-deficient yeast, lysosomes become
fragmented. This moonlighting function of yeast enolase causing vacuolar fusion does not
depend on its known enzymatic activity. Intriguingly, P. falciparum enolase (Pfeno) was
recently found associated with the FV in immuno-gold electron microscopic images of
infected red blood cells (rbcs) [20]. Pfeno was most extensively associated with the FV in
the early trophozoite stage, with a gradual decrease in mature trophozoite and schizont
stages. Interestingly, feeding of hemoglobin through SHVs also occurs maximally in the
trophozoite stage [18]. These observations raised the possibility that Pfeno may be involved
in FV development and/or functions. Thus, to explore the functions of Pfeno, we examined
whether Pfeno could complement the metabolic and moonlighting functions of yeast enolase
as has been observed for PfPO and PfHSP90 [21, 22]. For these experiments, we took
advantage of an existing yeast strain in which the ENOI gene has been deleted and the
ENOZ gene is expressed from a tetracycline repressible promoter (hereafter referred to as
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Tetr-Eno2) [19]. When grown in the absence of tetrcycline / doxycycline, this strain has
~5% enolase activity compared to the parental strain, contains severely fragmented vacuolar
phenotype [19] and has an altered protein expression profile; when Eno2 expression was
repressed by adding doxycycline, Tetr-£noZ2 failed to grow on medium containing glucose
as the energy source [19]. Our results showed that expressing Pfeno in this mutant strain
restored all the phenotypic effects induced by enolase deficiency. We further demonstrated
that enolase specifically associated with the purified FV preparation from £. yoelii.
Bioinformatics searches showed that parasite has orthologs of the molecular components
involved in yeast vacuole formation. These results, in conjunction with our immuno-gold
electron microscopic imaging [20], suggest that the pathways involved in vacuolar
development in yeast and Plasmodium may be similar.

Materials and Methods

Materials

Anti-S. cerivisiae enolase antibody was obtained from Santa Cruz Biotechnology (cat. no.
SC-7455), Santa Cruz, CA, USA. FM4-64 and anti-CPY antibody (Monoclonal 10A5) were
supplied by Invitrogen Molecular Probes. Anti IgG (mouse/goat/rabbit) labelled with FITC
were purchased from Sigma Chemical Co., St. Louis, USA. Anti-Pfeno was raised as
described earlier [23]. Polyclonal anti-PfHU (a bacterial histone like protein involved in
DNA compaction in apicoplast) antisera was a gift from Dr. S. Habib [24]. Anti-VDAC1
(porin) antibody (cat #ab15895 was supplied by abcam; www.abcam.com). Sequencing
grade trypsin was bought from Roche Diagnostics.

Cloning and expression of Pfeno in yeast

The parental yeast strain R11258 (URA::CMV-tTA MATa #is3-1 /eu2-0 merl5-0) and the
yeast enolase double mutant strain BDY4 (referred to as Tetr-£noZ2 in this manuscript;
PENO2::kanR-tet07-TATA URA3::CMV-tTA MATa his3-1 leu2-0 met15-0 phos::leu
enol::metl5) were kindly provided by Dr. W. T. Wickner (Dartmouth Medical School,
Hanover, NH, USA). Yeast was maintained according to standard methods [25, 26]. The
wild type Pfeno gene and a deletion mutant (A°Pfeno) lacking the sequence

encoding 194EWGWS108 were PCR-amplified from the plasmids pQE30-Pfeno [23] and
pGEXA4T1 [27], respectively, and inserted into the yeast expression plasmid p423GPD [28]
by homologous recombination in R11258 [29]. Correct insertion was confirmed by PCR and
sequencing. R11258 and Tetr- £n02 yeast were then transformed with the empty parental
plasmid p423GPD, p423GPD-Pfeno, and p423GPD-A%Pfeno and maintained on synthetic
growth medium lacking histidine (SD-His).

SDS PAGE, western blotting and quantification of expressed enolase protein

Protein extracts from the above yeast strains were prepared as described earlier [30] and
subjected to electrophoresis on a 10% SDS polyacrylamide gel. Pfeno and ScEno were
detected by western blotting with anti-rPfeno antibody (1:1000 dilution) [23] or anti-
S.cerevisiae enolase antibody (1:1000 dilution), followed by probing with FITC-conjugated
secondary antibodies (1:1000 dilution). The blot was imaged on a Typhoon Trio Scanner
(GE Healthcare) and the fluorescence of the protein bands was quantified using Image
Quant TL (GE Healthcare). The amounts of ScEno and Pfeno in each strain were estimated
using the standard curves generated with known amounts of purified yeast enolase (Sigma)
and purified rPfeno, respectively. 2-Dimensional gel electrophoresis was performed as
described earlier [31].
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In-gel digestion and mass spectrometry

Trypsin digestion and extraction of peptides from the protein bands excised from a gel was
performed using standard protocols [32, 33]. Automated MS/MS spectra were acquired on
an Agilent 1100 Series LC/MSD Trap XCT Plus System. Spectra were extracted using
Spectrum Mill Software (Agilent) and searched against NCBI database.

Measurement of yeast growth

Yeast strains were grown in liquid culture to mid log phase, diluted to an ODggq of 1.0 and
subjected to 4-fold serial dilutions in liquid SD-His medium. 5 L of each dilution was
spotted on solid SD-His medium in the presence or absence of doxycyline (10 g / mL).
Similarly, growth of yeast strains in liquid medium in the absence or presence of
doxycycline (10 g / mL) was monitored by measuring the ODggg every hour for 72 hours
on an automated Tecan Magellan plate reader maintained at 30°C. The liquid yeast cultures
were started with an initial ODggq of 0.1.

Visualization and scoring of vacuoles

Yeast was grown at 30°C in SD-His medium to an ODgqq of 1.0 in the absence of
doxycycline. Yeast from approximately 1.4 mL of culture were collected by centrifugation,
resuspended in 1 ml YPD medium containing 10 g /ml of doxycycline, and incubated 1 h
with shaking. To visualize vacuoles, 2 pL of 8 mM FM4-64, which labels only the vacuolar
membrane [34], was added and the culture incubated for 60 minutes in the dark at 30°C. The
cells were centrifuged and washed with 1 mL YPD (yeast extract-peptone-dextrose)
medium. The cells were resuspended in 1 mL YPD medium and incubated at 30°C for 30
minutes on a shaker. Live cells were imaged on a confocal microscope (Zeiss 710 Meta).
Since in steady state, most normal yeast strains contain one to five vacuoles [35], cells with
more than 5 vacuolar lumens were considered to possess fragmented vacuoles, while the
cells with 1 to 5 vacuolar lumens were taken to be normal. At least 300 cells from each
strain were scored for their vacuolar phenotype.

Enolase enzyme assay

Yeast cells from a culture grown overnight to stationary phase were collected by
centrifugation and lysed by vortexing with glass beads in 50 mM Tris-HCI, pH 7.4, 0.1%
Triton X 100 reduced (Sigma), plus protease inhibitors cocktail (Roche Diagnostics) and 1
mM PMSF (phenylmethanesulfonyl fluoride). Samples were subject to 5-6 cycles of
vortexing for 30 sec followed by 30 sec on ice. Cell debris were pelleted by centrifugation at
20,000 x g and the supernatant was assayed for enolase enzyme activity by monitoring the
decrease in substrate (Phospho-en-ol-pyruvate) concentration per minute at ODy4q [23].

Yeast vacuole isolation

Yeast vacuoles were isolated as described earlier [19, 36]. Briefly, yeast cells were grown in
YPD medium and harvested by centrifugation. The cells were washed with Wash Buffer
(100 mM Tris-HCI pH 9.4, 10 mM DTT) and then treated with zymolase (450 pL of a 100
mg/mL stock to 800 ODgge/mL equivalent cells), followed by dextran sulfate solution (200
pL of a 25 mg/mL stock). The cell-lysate was suspended in a 15% Ficoll-Sorbitol solution,
and layered in an Oak-ridge tube. 8%, 4% and 0% Ficoll was subsequently layered carefully
over this. These step gradients were then subjected to ultracentrifugation at 80,000 xg for 1.5
hours. Vacuoles were collected from the 0 % - 4 % Ficoll interface. The isolated vacuoles
were either frozen at —80°C or denatured with SDS containing sample buffer and run on a
10% polyacrylamide gel for their protein composition.
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Growth and isolation of Plasmodium yoelii parasites

Plasmodium yoelii infected mouse rbc stocks (~108 cells) were injected in 8-10 weeks old
Swiss mice. The mice were sacrificed when parasitemia reached 30-40% and the blood was
collected in acid citrate dextrose (136 mM glucose, 41.6 mM citric acid and 74.8 mM
sodium citrate). Rbcs were collected by centrifuging the blood samples at 290 x g in an
Eppendorf 5810 R centrifuge, resuspened in 1X PBS (phosphate buffer saline, pH 7.4)
containing 1 mM PMSF plus protease inhibitor cocktail and lysed with 0.05% saponin. The
released parasites were washed several times with 1X PBS, snap frozen in liquid nitrogen,
and stored at —80°C.

Isolation of the parasite FV

FV were purified from P. yoelii essentially as described by Saliba et al [37]. Briefly, 200 mg
of P. yoelii cells were suspended in 1 ml of ice cold water (pH 4.5, containing protease
inhibitor cocktail). The cell suspension was subjected to trituration for 5 times with a 26.5
gauge needle. The triturate was centrifuged at 18000 x g on an Eppendorf centrifuge 5810 R
for 2 minutes. The supernatant was discarded. The pellet was resuspended in 1mL of
‘Uptake Buffer’, pH 7.4 containing 2 mM MgSOy,, 100 mM KCI, 10 mM NaCl, 25 mM
HEPES, 25 mM NaHCO3, and 5 mM sodium phosphate, to which was added 10 pL of 5
mg / mL of DNAse | [37] and incubated at 37°C for 5 minutes. This was again centrifuged
at 18000 xg, and the supernatant was discarded. The pellet was resuspended in 100 pL of ice
cold Uptake Buffer and 1.3 mL ice cold 42% Percoll with 0.25 M sucrose and 1.5 mM
MgCl,, pH 7.4. This suspension was passed twice through a 26.5 gauge needle and
centrifuged at 18000 xg at 4°C for ten minutes. The lowermost dark band on the gradient,
which contained the FVs, was isolated, washed with Uptake buffer, and either frozen at
—80°C or used immediately for experiments.

Gel filtration chromatography

Results

Gel filtration chromatography on soluble cellular proteins was performed using an AKTA
FPLC system (Amersham-Pharmacia Biotech) for the determination of oligomeric state of
P. falciparum and yeast enolases as described elsewhere [38]. Typically 1 mL of soluble
yeast extract containing 1 mg of protein was loaded on a 120 ml Superdex-200 Column
equilibrated in 1X PBS. 2 mL fractions were collected at a flow rate of ImL/minute and
concentrated using Millipore Centricon tubes (5 kDa cut-off) to a volume of ~50 to 100 pL.
10 pL from pL of 5X SDS sample buffer and used for SDS-PAGE followed by western
blotting.

Expression of Pfeno in an enolase-deficient yeast strain

The previously observed colocalization of enolase with the FV in immuno gold electron
microscopic images [20] is reminiscent of the association of enolase with yeast vacuoles
[19]. Yeast express two enolase proteins, Enol and Eno2, both of which co-purify with
vacuoles [19]. In S. cerevisiae mutants with reduced expression of enolase, the vacuoles are
fragmented and lack several key proteins. Thus in yeast, enolase is required for an as yet
unidentified step that affects vacuolar fusion and protein trafficking to the vacuole. To begin
to investigate whether the observed association of Pfeno with the FV was functionally
relevant, we used Pfeno to genetically complement an S. cerevisiae strain deficient in
enolase. In this strain (Tetr-£no2), ENOI was deleted and ENOZ2was expressed from a
tetracycline repressible promoter; ENOZ is essential for yeast viability and cannot be
knocked out. Tetr-E£no2and the parental yeast strain R11258 were transformed with a Pfeno
expression plasmid and empty vector. P. falciparum and yeast enolase protein levels in these
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strains in the presence or absence of 10 g / mL doxycycline were assessed by western
blotting (Fig. 1). Using an antibody that recognized both yeast enolase proteins (SCEno) but
not Pfeno, strong expression of yeast enolase was observed in the parental cell line
transformed with the empty vector or the Pfeno expression plasmid. In contrast, SCEno was
barely detectable in the Tetr-£no02 strain transformed with empty vector and grown in the
absence of doxycycline, indicating that the tetracycline repressible promoter is much weaker
than the enolase promoter (Fig. 1A (c)). The addition of 10 g / mL doxycline to the culture
media reduced ScEno levels below the limit of detection (Fig. 1A (e)). Surprisingly, SCEno
was also undetectable in Tetr- Eno2 transformed with the Pfeno expression plasmid (Fig. 1A
(d)). Pfeno was detected in the parental yeast strain transformed with the Pfeno expression
plasmid, but much higher levels were observed in Tetr- £n02 grown in the absence or
presence of 10 pg / mL doxycycline (Fig. 1C (b,d and e)). As expected, no bands were
detected with the Pfeno antisera in lysates from yeast transformed with the empty vector,
confirming the specificity of the anti-rPfeno antibodies for Pfeno (Fig. 1C (a and c)). To
estimate the amounts of endogenous yeast Eno2p and P. falciparum enolase (Pfeno)
produced in the various yeast strains, we performed western blots with increasing amounts
of purified ScEno and rPfeno (Fig. 1B). From this we estimated that samples from parental
yeast strains contained approximately 750 ng of enolase, whereas the Tetr-£no2 sample
contained about 200 ng of Pfeno. Since equivalent amounts of proteins were loaded in each
lane, this suggests that the relative amount of Pfeno expressed in Tetr- £n02 yeast is about
25% of yeast enolase levels in parental yeast strains. We independently corroborated this
value by measuring enolase enzymatic activity in soluble extracts from the various yeast
strains (Fig. 1D). Relative to the parent strain, Tetr-£no2 grown in the absence of
doxycycline had ~5% activity while the Tetr-£noZ2 expressing Pfeno had ~30-40% activity.

As Pfeno is known to undergo several post-translational modifications in Plasmodium [31],
we subjected extracts from Tetr-£noZ2 expressing Pfeno (grown in the presence of 10 g /
mL doxycycline) to two-dimensional gel electrophoresis and immunoblot analysis with anti-
rPfeno antibodies. Three variants of Pfeno were present in the transformed yeast (Fig. 1E),
indicating that Pfeno expressed in yeast is also modified. However, this profile lacked two
of the acidic forms of Pfeno (pl=5.9 and 6.1) that may correspond to multi-site
phosphorylations [31].

Pfeno restored growth of enolase-deficient yeast

Enolase expression is required for optimal growth of yeast on medium containing glucose as
the energy source. The effect of Pfeno expression on the growth of parental and enolase-
deficient yeast was monitored in liquid medium (Supple. Fig. 1) and on solid agar (Fig. 2).
The Tetr-EnoZ2 strain, which has ~5% of the enolase activity of the parent strain, exhibited
only a slight growth retardation (Supple. Fig. 1A). However, when Eno2 expression was
completely inhibited by adding doxycycline to the culture medium, no growth was evident
in liquid or solid medium (Supple. Fig. 1B; Fig. 2B). Expression of Pfeno in Tetr-£noZ,
restored the growth to wild type levels in the absence or presence of doxycycling,
demonstrating the ability of Pfeno to fully complement the growth phenotype in yeast.

Pfeno rescued the vacuolar fragmentation phenotype in enolase-deficient yeast

As discussed above, yeast enolase is associated with vacuoles and has a nonenzymatic role
in homotypic vacuolar fusion. Yeast strains with reduced expression of enolase have defects
in vacuolar fusion and exhibit fragmented vacuoles [19]. To determine if Pfeno could rescue
the vacuolar defects in enolase-deficient yeast strains, we stained yeast vacuoles with the
fluorescent dye FM4-64 and counted the number of vacuoles per cell. As previously
reported, the Tetr-Eno2 strain displayed fragmented vacuoles, with ~80% of cells having
more than 5 vacuoles per cell (Fig. 2C). In contrast, most parental cells displayed a single
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large vacuole and less than 10% contained 5 or more smaller vacuoles. Expressing Pfeno in
the Tetr-EnoZ strain increased the number of cells with large, well formed vacuoles and
reduced the number of fragmented vacuoles to nearly the same level as observed in the
parental strain, indicating that Pfeno restored vacuolar fusion. Consistent with this
observation, Pfeno was detected in preparations of yeast vacuoles by immunoblotting (Fig.
2D), as has been observed for yeast enolase [19].

Pfeno restored protein targetting to vacuoles in enolase-deficient yeast

In yeast strains with reduced enolase expression, protein targetting to the vacuole is altered
and several proteins found in vacuoles from parental strains are not detected [19]. In order to
examine the effect of enolase deficiency on the expressed protein profile of yeast, soluble
extracts from parental and Tetr- £noZ2 strains were analysed on SDS-PAGE. Visual
inspection of the coommassie stained gel revealed protein bands with altered intensity in
Tetr-EnoZ2as compared to the parent (Fig. 3A). To test whether the parasite enzyme can
complement these altered levels of protein in the Tetr-£no2 yeast, extract from Pfeno-
expressing Tetr- EnoZ2 yeast was also analysed. A band at 50 kDa (the expected size for yeast
and Plasmodium enolase) showed a decreased intensity in the Tetr- £noZ2 strain that was only
partially restored by Pfeno expression. This is consistent with the observation that Pfeno
levels on western blots and in enzymatic assays were only 30-40 % of the levels in the
parental strain. A band at ~36 kDa increased in intensity in the Tetr-£n02 strain, but was
reduced to parental levels when Pfeno was expressed. Mass spectrometric identification of
proteins in this band showed it was most likely glyceraldehyde-3-phosphate dehydrogenase
1 (Gapdhl) based on sequencing of nine distinct peptides that had ~25% of sequence
coverage for Gapdhl. Gapdh3 was identified as the protein band just above Gapdhl (25
peptides sequenced with 54% coverage) and showed no significant variation in parental and
Tetr-EnoZ cell extracts (Fig. 3A). A third protein at ~15 kDa showed a marked decrease in
its levels in the Tetr-£no2 strain and returned to normal in yeast expressing Pfeno. Mass
spectrometric analysis of tryptic digests identified a peptide ‘ (k)viygmkgksgpkr’ which
covers 11% of Vps63 (YLR261C, Fig. 3D) [39]. VPS63 is a hypothetical ORF that is
currently annotated as “dubious” because it overlaps extensively with YPT6 and is
translated in a different reading frame (Supplementary Figure 2). Though this represents low
coverage of VVps63, the size of the band is also consistent with the predicted molecular
weight of Vps63 (12.9 kDa). To our knowledge, this represents the first experimental
evidence that Vps63 is produced in yeast. Taken together, these data support the view that
transformation of enolase-deficient Tetr-£noZ2 strain with Pfeno is able to restore normal
protein expression profile in yeast. Mutations in vacuolar protein sorting (VPS) genes
disrupt the trafficking of proteins such as carboxypeptidase-Y (CPY) to the vacuole [39-41].
In these strains, CPY is secreted rather than transported to the lumen of the lysosome. To
determine if intracellular levels of CPY are affected in enolase-deficient and Pfeno-
expressing yeast strains, we performed immunoblotting with anti-CPY antibodies on cellular
extracts from parental, Tetr-£no2 and Tetr-EnoZ2 expressing Pfeno (Fig. 3B). Although we
observed considerable variation in multiple measurements, intracellular CPY levels were
reduced in Tetr-£no2 compared to the parental strain (p<0.05, Fig. 3B and C). However, in
each case expression of Pfeno in Tetr-EnoZ2 restored the CPY level to that of the parental
strain. Based on similar effects caused by VPS mutants, the reduction in CPY levels in
enolase-deficient yeast is likely due to the improper sorting and secretion of CPY out of the
cell. Regardless of the molecular mechanism underlying this observation, expression of
Pfeno was able to completely reverse this defect.

Dimeric Pfeno is required to fully complement the vacuolar defect in Tetr-Eno2

To test whether monomeric Pfeno is as effective as the dimeric form in complementing the
phenotypes observed in enolase-deficient yeast, we expressed a mutant version of Pfeno
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(A5Pfeno) in Tetr-£no2. The plant specific pentapeptide insert (2*EWGWS108) is deleted
in ASPfeno, resulting in a protein that is largely monomeric and has much less activity than
Pfeno [27]. To determine the oligomeric state of ScEno, Pfeno and ASPfeno when expressed
in yeast, we prepared soluble cellular extracts from the parental yeast strain and Tetr-£no2
expressing either Pfeno or A®Pfeno, and subjected the samples to gel filtration
chromatography. Each chromatographic fraction was then analyzed by SDS-PAGE and
western blotting for the presence of enolase (Fig. 4A). Yeast enolase and Pfeno expressed in
Tetr-Eno2 were largely dimeric with a molecular mass of ~100 kDa, whereas A5Pfeno was
primarily found in the monomeric form. ASPfeno restored growth of Tetr-£n02yeast to
nearly the same level as Pfeno on solid agar (Fig. 4C) and in liquid medium (data not
shown). Enolase enzymatic activity was much greater in Tetr- £n102 yeast expressing
ASPfeno compared to those expressing Pfeno (Fig. 4E). Since ASPfeno has significantly
lower specific activity, the higher levels of activity observed in cellular extracts suggest that
greater amounts of A°Pfeno protein were being produced. However, despite potentially
being expressed at higher levels, A5Pfeno only partially rescued the fragmented vacuolar
phenotype in Tetr-£no2 cells (~60% of cells showed < 5 vacuoles in Tetr-£n02 expressing
A5Pfeno as compared to ~90% of the cells expressing Pfeno) (Fig. 4D). Thus, although the
monomeric A5Pfeno could fully restore cellular growth in the Tetr-£n02 strain, it rescued
the vacuolar fragmentation phenotype with lower efficiency indicating that the dimeric
structure of Pfeno is functionally more efficient for vacuolar fusion processes.

Enolase is present in purified preparations of Plasmodium FV

In an earlier study on sub-cellular distribution of Pfeno in Plasmodium infected rbcs, close
association of enolase with vacuolar membrane and hemozoin crystals as well as vacuolar
lumen was observed in early and mid stage trophozoites [20]. In the mature trophozoites and
schizonts, the amount of enolase associated with the FVV seemed to decrease, suggesting a
role for Pfeno in early stages of vacuolar development or hemozoin formation. Pfeno was
also reported to interact directly with ferriprotoporphyrin X, a precursor of hemozoin [42].

In order to obtain further evidence for the vacuolar association of enolase as observed in the
/n situ immuno-gold electron microscopic (IEM) images, we analyzed purified preparations
of parasite FV by western blotting for the presence of enolase. FVs were isolated from 2.
yoelii by centrifugation on a percoll gradient. Bright field images of the purified FVs
revealed vacuoles with a distinct dark structure inside corresponding to hemozoin (Fig. 5A).
No intact parasite cells were observed in these preparations. Western analysis of whole cell
extracts and purified FVs showed the presence of the 50 kDa enolase band in both
preparations (Fig. 5A). To rule out contamination from cytosol, the vacuolar preparation was
tested for the presence of two other cytosolic proteins, PfPFK9 (phosphofructokinase) and
PfPO (ribosomal phosphoprotein PO). Both PfPFK9 and PfPO were detected in the whole cell
extract with anti-PfPFK9 and anti-PfPO antibodies, respectively, but not in the vacuolar
preparation (Fig. 5A), indicating that the FV preparation was free from any significant
cytosolic contaminations. The possibility of contamination of the vacuolar preparation with
apicoplast and mitochondria was ruled out by similar western analyses on parasite whole
cell extract and purified FV preparation using anti-VDAC (porin) (mitochondrial marker)
and anti-PfHu (apicoplast marker) antibodies (Fig. 5C). Thus, we conclude that Pfeno is
stably and specifically associated with the FV.

Although the 50 kDa band corresponding to monomeric Pfeno was the predominant form
detected with anti-rPfeno antibodies in the FV preparations, two higher molecular weight
species of ~65 and ~75 kDa were also occasionally observed (Fig. 5B). These variants apear
to be unique to FV and have not been observed with other parasite cell fractions [31]. The
cause of this reduced mobility is not yet known. However, the ~12-15 kDa size shift is
consistent with the possibility of conjugation of Pfeno with ubiquitin. In the FV proteome of
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the P. falciparum, a ubiquitin ribosomal fusion protein uba52 homolog (PF13_0346) with
MW~14.6 kDa has been identified [43]. Further analysis of high molecular bands (observed
in the Western blots) is needed to determine whether some fraction of vacuolar enolase gets
ubiquitinated.
Discussion

Yeast expresses two enolase isozymes, of which Eno2 is essential for survival while Enol is
dispensable [44, 45]. Apart from catalyzing inter-conversion between 2-phosphoglycerate
and phopshoenolpyruvate for glycolysis and gluconeogenesis, functional involvement of
enolases in mitochondria [46] and vacuole [19] has been reported in yeast. Here we provide
the first evidence that Pfeno can function in vacuolar fusion. Since yeast and P. falciparum
enolases exhibit ~60% identity, we performed genetic complementation experiments in an
enolase-deficient yeast mutant ( Tetr-£no2). Tetr-EnoZ2 yeast grow slowly compared to the
parental strain due to the lower level of ENOZ2 expression from the Tet" promoter. As
expected, this strain failed to grow in the presence of 10 ng/mL doxycycline. The cells also
have fragmented vacuoles and an altered protein expression profile ([19] and Fig. 1-3).
Transformation of the Tetr- EnoZ2 yeast strain with a Pfeno expression plasmid resulted in
full complementation of all the observed phenotypes, despite the fact that Pfeno expression
levels were ~30-40% of ScEno in the parent strain, both in terms of activity as well as the
amount of protein. Rescue of yeast growth did not depend on the oligomeric state of Pfeno,
as the dimerization-defective ASPfeno mutant, which lacks the five amino-acid

insert 104EWGWS108 stimulated Tetr-£n02 growth to the same degree as Pfeno. However,
dimerization was required to rescue the vacuolar defects in Tetr-£n02. The molecular basis
of this effect is not understood. However, as the role of enolase in vacuolar fusion does not
depend on the known enzymatic activity of enolase, it is possible that such variation
between monomeric and dimeric forms of Pfeno in the ability to induce vesicular fusion
may arise due to their differences in binding to other vacuolar proteins.

Based on this report and our previous study [20], we now have three lines of evidence that
suggest a possible involvement of Pfeno in FV function: (i) Pfeno was associated with the
Plasmodium FV in IEM images [20]; (ii) western blot analysis demonstrated that enolase co-
purified with FV preparations (Fig. 5); and (iii) Pfeno rescued the vacuolar fragmentation
defect in enolase-deficient yeast. The validity of the first two lines of evidence critically
depends on the quality of the anti-Pfeno antibodies used in these experiments. The
specificity of the anti-Pfeno antibodies for Pfeno has been extensively demonstrated by our
earlier studies [47] and by the work of Foth et al, who used the anti-Pfeno antibodies to
probe western blots of two-dimensional gels and validated the reacting proteins using mass
spectrometry [48]. In addition, the specificity of the association of Pfeno with purified FVs
was further supported by western blots with antibodies against cytosolic, mitochondrial and
apicoplast proteins that indicated the FV preparation was not contaminated with proteins
from these compartments. However, although the localization data suggests a role in FV
function and the yeast complementation assay suggests involvement in vesicle fusion,
definitive evidence supporting such a function for Pfeno in the parasite remains to be
ascertained.

A model for S. cerevisiae and P. falciparum enolase function in vacuolar fusion

Of the multiple mechanisms for targeting proteins to FV that have been described, the
endocytic-like pathway would seem to be the most likley one to involve Pfeno. This
pathway utilizes small Rab5a-marked vesicles that emerge from the cytostome and fuse with
the FV in a manner that resembles the endocytic pathway in higher eukaryotes [18].
Alternatively, Pfeno may traffic to the FV in a manner simlar to MSP1-19. As the parasite
feeds on the hemoglobin, transport vesicles coated with MSP1-19 reach the FV and persist
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till the end of schizont stage [49]. Similar to MSP1-19, enolase is also present on the surface
of the merozoite and is also observable in transport vesicles to the FV [20]. Other pathways,
such as the “Big Gulp” and the ingestion of parasite proteins such as heme detoxification
protein (HDP) after being secreted into the erythrocyte cytosol [50] can be ruled out by the
absence of Pfeno in the rbc cytosol [20].

The ability of Pfeno to complement the vacuolar functions of yeast enolase suggests that the
underlying molecular interactions may be conserved. However, the precise role of ScEno in
vacuolar fusion is not understood. Adding purified enolase to yeast vacuoles from enolase-
expressing yeast stimulated fusion, but purified enolase did not promote fusion of vacuoles
from enolase-deficient yeast, indicating that the lack of enolase caused other defects in the
vacuoles [19]. Consistent with this hypothesis, several vacuolar fusion proteins fail to
localize to the yeast vacuole when the cell is deficient in enolase, suggesting that enolase is
also important for proper trafficking or retention of a subset of vacuolar proteins. A search
of ScEno physical interactions in the Biogrid database identified APL6 as the only potential
interacting protein with known functions in the vacuole [51, 52]. Apl6 is a beta3-like subunit
of the yeast AP-3 complex that is involved in transporting proteins to the vacuole via an
alternate pathway that bypasses multi-vesicular bodies [53-55]. Interestingly, APL6 interacts
directly or indirectly with the six yeast proteins that are missing from vacuoles in enolase-
deficient yeast, at least one of which, Vam3, is known to be transported to the vacuolar
membrane by this alternate pathway [56]. Thus, ScEno may be mediating its vacuolar
effects through APL6. These interactions are shown in Fig 6A.

To determine if a similar pathway may be functioning in 2. falciparum, we searched
PlasmoDB for potential orthologs of the yeast proteins in Fig. 6A. Putative orthologs for
each protein were identified and are indicated in parentheses next to the homologous yeast
protein. To determine if there was any evidence for these interactions among P. falciparum
proteins, we searched the large-scale yeast two-hybrid interactions from an earlier report
[57]. Although these interactions were not identified, an interaction between Pfeno and
Mal13P1.308 was found (Fig. 6B). MAL13P1.308 is an armadillo domain-containing
protein with low homology to S. cerevisiae VVac8, a vacuolar protein that makes extensive
interactions with the proteins in Fig. 6A (Supplementary Fig. 3). MAL13P1.308 in turn
interacted with two other putative vacuolar proteins: PFB0640c, an ortholog of Sec31; and
PFL1340c, an ortholog of Vam6. Future studies are needed to validate these putative
interactions and to determine if the orthologous interactions predicted from yeast also occur
in Plasmodium. If such interactions are detected, it will raise another possibility for the
involvement of enolase in the fusion of vesicles generated from endoplasmic reticulum-
Golgi pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

anti-r Pfeno polyclonal antibody raised against recombinant
Pfeno

anti-ScEno anti-S. cerevisiae enolase antibody

CpPY carboxypeptidase-Y (EC: 3.4.16.1)

ENO2p yeast enolase 2 protein

FV food vacuole

Gapdh glyceraldehyde 3-phosphate dehydrogenase (EC
1.2.1.12)

Pfeno Plasmodium falciparum enolase (EC 4.2.1.11)

rbc red blood cell

SHV small hemoglobin vesicle

ScEno S. cerevisiae enolase (EC 4.2.1.11)

Tetr-Eno2, S. cerevisiae strain in Tetr-Eno2 + Pfeno, Tetr- EnoZ2 strain transformed

which ENO1 was deleted and with p423GPD-Pfeno

ENO2 was expressed from a
tetracycline repressible promoter,
transformed with the empty vector
p423GPD

Vps63p vacuolar protein sorting 63 protein
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Figure 1.

Quantification of enolase in (a) Parent strain, (b) Parent strain transformed with ~.
falciparum enolase (Parent + Pfeno), (c) Tetr-EnoZ strain, (d) Tetr-£no2 strain transformed
with Pfeno and grown in the absence and (e) in the presence of 10 pg/mL doxycycline
(DOX). Western blot analysis was performed for the quantification of the expressed enolase
(ScEno or rPfeno) in cell extracts of different strains of yeast. (A) Western blot of yeast
enolase; (B) Western blot of pure ScEno or rPfeno used as standards; (C) western blot of
Pfeno. Equivalent amounts of protein were loaded in each lane. (D) Specific activity of
enolase in various cell extracts plotted as the percent of the parent strain and (E) Western
blot of two dimensional gel electrophoresis showing the variant profile of Pfeno in Tetr-
EnoZ + Pfeno (DOX) yeast cells. Anti-rPfeno antibody was used to probe the membrane.
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Transformation of enolase-deficient yeast mutant with Pfeno restores growth. Serial dilution
growth assay for Parent, Tetr-£no2and Tetr-Eno2 + Pfeno strains in (A) absence and (B)
presence of doxycycline. (C) Fragmented vacuolar phenotype in enolase-deficient yeast cells
was also restored on transformation with Pfeno. Confocal microscopic images of FM4-64
labeled Parent, Tetr-£no2and Tetr-£no2 + Pfeno yeast strains. Cultures were grown at

30°C. Sections shown are of 0.5 um optical thickness. Lower panel presents percent

distribution of cells having fragmented (black bar) and normal (red bar ) vacuoles. At least
300 cells from each strain were scored of vacuolar morphology. (D) Western blot analysis
for the expression of Pfeno in the Tetr-£no2 + Pfeno yeast strain. Bright field image of

purified yeast vacuoles is shown in the lower panel.
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Altered levels of Gapdhl, Vps63 and CPY in enolase-deficient yeast are restored upon
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transformation with Pfeno. (A) SDS-PAGE analysis of soluble proteins from cell extracts of
various yeast strains. Equivalent amounts of protein were loaded in each lane. Proteins that

showed altered coommassie intensity (indicated by arrows), were identified by mass

spectrometry. (B) Western blot analysis for the presence of CPY in the soluble extracts of
various yeast strains and (C) quantification of CPY levels in Tetr-Eno2and Tetr-Eno2+

Pfeno strains as percent of the Parent strain (n=5). (D) Vps63 sequence. The peptide
sequenced from the tryptic digest of ~15kDa band from the Parent strain that led to

identification of this band as Vps63 is marked in bold.
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(A) Superdex-200 gel filtration profiles of ScEno, Pfeno and A°Pfeno expressed in yeast.
(B) Western blots for the presence of enolase in each fraction from gel filtration
chromatography. Comparison of (C) growth in serial dilution test; (D) vacuolar phenotype
(fragmented (black bar) and normal (red bar)) and (E) Specific activity of enolase in Parent,
Tetr-Eno2, Tetr-Eno2+ Pfeno and Tetr-£no2+ ASPfeno strains of yeast.
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Figurebs.

Enolase is associated with purified food vacuoles (FV) from Plasmodium yoelii. (A)
Western blot of £. yoeliiwhole cell extract and of purified FVs using anti-rPfeno antibody.
Similar blots were probed with anti-PfPFK9 and anti-PfP0 antibodies that detects PFK9 and
PO in soluble whole cell extract but not in FV preparation (middle panel). Bright field image
of purified FV (lower panel). (B) Some preparations of the purified FVs from P. yoelii
showed higher molecular mass protein bands (at ~65 and 75 KDa) along with expected 50
KDa band in western blots, reacting with anti-rPfeno antibodies. (C) Western blot of ~.
yoelii cell extracts and purified FVs using anti-VDAC1 (anti-porin antibody, a
mitochondrial marker) and anti-PfHu (an apicoplast marker). Typically ~10 g of whole cell
extract proteins and ~2 pg of FV proteins were used for each lane.
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Figure6.

Protein interactions of enolase and vacuolar proteins. (A) A protein interaction map of Enol,
Eno2, Apl6, and the six proteins missing from vacuoles in enolase-deficient yeast. All
interactions involving these protein were downloaded from the BioGrid database and
visualized in Cytoscape [58, 59]. This diagram shows only the interactions between these
proteins. Additional interactions with other yeast proteins can be found in Supplementary
Figure 3. Proteins missing from vacuoles in enolase-deficient yeast are indicated by squares.
P. falciparum orthologs are shown in parentheses. (B) Protein interaction map of putative
vacuolar proteins linked to Pfeno. Interactions from [57] were downloaded from PlasmoDB
and visualized in Cytoscape. Yeast orthologs are shown in the parentheses.

Mol Biochem Parasitol. Author manuscript; available in PMC 2012 September 01.



