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1.2 Plasmodium berghei as a model

The study of malaria parasites and their complex interactions with the human
host and Anopheline vectors has challenged medical research for more than 100
years. One of the ways technology has evolved to address this problem is the use
of animal models of malaria which facilitates studying topics such as drug
resistance and new drug discovery, cytoadehrence, gene expression and
immunogenicity to vaccine candidates. Animal models provide controlled
systems for in vivo investigation of host-parasite interactions across the various
stages of the life-cycle and are an invaluable tool for research. P. berghei is one
of the four widely studied rodent malaria species (the other three being
Plasmodium vinckei, Plasmodium chabaudi and Plasmodium yoelii) which have
been isolated from Central Africa and are useful malaria models with distinct
morphological and developmental characteristics (LMRG Online Resource
accessed August 2007).The natural mammalian host of these parasites is the
Thicket Rat (Grammomys surdaster) but they can grow in a number of laboratory

mouse and rat strains and are transmitted by Anopheline mosquito vectors.

The most deadly human malaria parasite P. falciparum has a genome of
approximately 22.9 Mb with 14 chromosomes, a G+C content of approximately
19% and about 5,369 genes (Gardner, Hall et al. 2002). The other economically
important human malaria parasite P. vivax has a genome of 28.6 Mb with 14
chromosomes, 42.3% G+C content and approximately 5,433 genes (Carlton,
Adams et al. 2008). P. berghei has an estimated genome size of 18-20 Mb, with
14 chromosomes in the size range of 0.6 Mb to 3.8 Mb (Hall, Karras et al. 2005)
with an average protein identity of 62.9%, average nucleotide identity of 70.3%
and 3,890 orthologous gene pairs with P. falciparum. (Hall, Karras et al. 2005).
More up to date and accurate information about the genome of Plasmodium spp.
is available on PlasmoDB, a functional genomic database for malaria parasites

(accesible from http://PlasmoDB.org). This database is updated regularly with

every release and also contains additional information about transcription
profiles, proteomics and protein function, population biology and field studies of
malaria parasites (Aurrecoechea, Brestelli et al. 2009). The similarity between
rodent malaria causing species and important human parasites and easy
availability of genetic manipulation strategies (de Koning-Ward, Janse et al.
2000, Janse, Ramesar et al. 2006) make them useful models. Resources such as

the Malaria Research and Reference Reagent Resource Center (MR4), Rodent
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2 Methods
2.1 P. berghei methods

2.1.1 Infection of laboratory animals with P. berghei parasites

Infection of laboratory rodents (TO female mice 26-30g or Wistar female rats
150-175 g) was performed with P. berghei infected reticulocyte enriched blood
obtained from cryopreserved stocks or directly from heart or tail-blood, from
other infected animals. As P. berghei has a preference for invading reticulocytes,
0.1 ml of phenylhydrazine-HCl (12.5 mg/ ml solution) was administered to the
mice by intraperitoneal injection 2 days prior to infection. For infection from
cryopreserved parasites into a mouse, the contents of one cryotube containing
0.5 ml blood suspension were thawed at room temperature and 0.02-0.5 ml of
the suspension was injected intraperitoneally into a mouse. For mouse infection
with blood stages obtained from an infected animal (also known as mechanical
passage), one drop of tail blood (5 pl) from an infected animal with a
parasitemia of 5-15% was collected in 10 ml PBS and 0.1 ml of this suspension
was injected intraperitoneally into a mouse. 4-7 days, after injection, the
parasitemia would typically increase from 0.1 to 5-20%. For infecting rats with
blood stages obtained from an infected animal, 5-8 drops of tail blood (30-40 pl)
were collected from an infected animal with a parasitemia of 5-15% in 1 ml PBS
and the 1 ml suspension was injected intraperitoneally in a rat, usually 0.5 ml on
both sides of the abdomen. On day 4 or 5 after injection the parasitemia would

typically range between 0.5-3 percent.

2.1.2 Transfection of P. berghei parasites

Transfection of P. berghei parasites has been described in great detail earlier
(Janse, Ramesar et al. 2006). Briefly, P. berghei infected reticulocyte enriched
blood was used to set up in vitro schizont cultures as described in 2.1.7 and
schizonts were purified as described in 2.1.8. Transfection was carried out by
mixing 100 pl of Nucleofector® solution, 10 ul of DNA solution containing 5-10 pg
DNA with the schizont pellet and transferring the suspension into an
electroporation cuvette which was then placed in the Amaxa Nucleofector®
device and program U-33 was used. Following this, 50 pl of medium was

immediately added to the suspension and it was injected into a the tail vein of a
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mouse kept in a 37°C warm box so that the veins were more accessible for

injection.

2.1.3 Selection of transfected parasites

Since the selectable marker used for transformation of P. berghei parasites
contains a pyrimethamine resistant form of the human DHFR/TS gene, animals
were provided with drinking water containing pyrimethamine (at 70 pg/ ml), one
day after transfected parasites were injected and this was continued for a

period of 5-8 days.

2.1.4 Cryopreservation of blood stage parasites

Blood stages of parasite lines and clones were stored in liquid nitrogen. To
obtain these blood stages from infected mice and rats, blood was collected by
cardiac puncture and mixed 50:50 with a solution of 30% glycerol/PBS solution
containing 0.05 ml of Heparin stock-solution (200 units/ml) and aliquoted into
specially designed cryovials (Catalogue no. LW3534, Alpha laboratories) for

storage at extremely low temperatures.

2.1.5 Investigation of the course of parasitemia

The course of parasitemia was determined in Giemsa stained blood films made
from tail blood. For checking parasitemia every infected mouse was tail-pricked
and a thin blood film was prepared from tail blood on a standard microscope
slide. After the slide was air-dried, it was fixed with methanol for 5 seconds,
dried again and then immersed in a Couplin jar containing 12% Giemsa solution
for 15 minutes. The slide was then rinsed carefully with water, air-dried and
observed under a standard light microscope with immersion oil and objective at
100X. A minimum of 30 fields were visualized and infected cells were scored

using a cell counter.

2.1.6 Removal of leucocytes from blood or cultured parasites

Leucocytes were removed from collected blood or cultured parasites using
columns prepared by filling up a 20 ml syringe with just sufficient glass wool to
gate the end or using a 10 ml Zeba Spin Column (Catalogue number PN89898,
Fisher) and cellulose powder (Catalogue number C6288-100G,Sigma) filled up to
the 3 ml mark. These columns were first washed with RPMI1640 culture medium
or PBS, then blood or parasite culture was passed through the column and

allowed to flow through by gravity and then the columns were washed using PBS
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or RPMI1640 culture medium again. RPMI1640 culture medium was used in the
filtering process if parasites were used for further in vitro cultivation. PBS was
used if parasites were to be used for DNA extraction or protein preparation. For
quick and time sensitive applications, leucocytes were removed by using
Plasmodipur Filters (Catalogue number 8011Filter25u, EuroProxima) attached to
a 10 or 20 ml syringe. The filter was prewashed with RPMI1640 culture medium
or PBS and after infected blood was passed through it, eluted with RPMI1640

culture medium or PBS.

2.1.7 Short term in vitro culture of asexual blood stage parasites for
making schizonts
For preparing schizonts, 1 ml blood was collected from an infected mouse by
cardiac puncture using a 2 ml syringe at a parasitemia of 1-3%. Blood was
transferred to 5 ml of complete culture medium containing 0.3 ml of heparin
stock solution (200units/ml). Cells were pelleted by centrifugation for 8 minutes
at 450g and supernatant was removed. Cells were then resuspended in 100 ml of
complete culture media in a flask (TC FLASK 150CM - Corning 430823) and gassed
for 30 seconds with a gas mix containing 5% CO,, 5% O,, 90% N,. Similarly, when
setting up big volume cultures from infected blood obtained from a rat, the cells
were finally resuspended in 150 ml of complete culture media. The flask was
then incubated overnight at 37°C on a shaker at a minimal speed just to keep
the cells in suspension. The next morning, 0.5 ml of the suspension was taken
and a Giemsa-stained smear made from it to check for presence of mature

schizonts.

2.1.8 Purification of schizonts

The culture suspension containing the schizonts was combined and spun for 8
minutes at 450g and most of the supernatant was removed to resuspend the
pellet in a final volume of 35 ml. A 55% Nycodenz/PBS solution was prepared and
10 ml of the Nycodenz-solution was laid under the culture suspension carefully,
so that a sharp contrasting division was visible between the two suspension
layers. The suspensions were then centrifuged for 20 minutes without the use of
the brake at 450g and the brown layer at the interphase between two
suspensions containing schizonts and mature gametocytes was carefully
collected. The schizonts and gametocytes were pelleted by centrifugation for 8

minutes at 450g and for this washing step 10 ml culture medium obtained from
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2.1.19 Mosquito transmission experiments
P. berghei infected reticulocyte enriched mice with a parasitemia of 5-10% were

used to blood feed a cage of 250 mosquitoes for 10 minutes. Mature oocysts
were counted in mosquito midguts between days 12-14 using a Leica M205 FA
Fluorescence Stereomicroscope. Salivary gland sporozoites were checked
between days 21-25. Infected mosquitoes were allowed to feed on naive mice
for 10 minutes between days 21-25 and these mice were observed for parasites
by making giemsa stained blood smears between days 3-14 to check for

successful transmission.

2.1.20 Determination of ICso value of P. berghei inhibitors in vitro

2.1.20.1 Inhibition of asexual growth

Inhibitors were used to perform in vitro drug susceptibility tests in standard
short-term cultures of synchronized P. berghei blood stages. Cultured and
purified schizonts/merozoites of the reference ANKA strain of P. berghei line
cl15cy1, obtained by Nycodenz density gradient purification were injected i.v.
into the tail vein of a TO (Theilers Original outbred strain) mouse. Injected
merozoites invade within 4h after injection and newly infected blood was
collected from the mouse by heart puncture at 4h after the injection of the
purified schizonts/merozoites. Infected blood was washed once (450 g, 8 min)
with complete culture medium (RPMI1640 + 25% FCS, pH 7.5) followed by mixing
of infected erythrocytes with serially diluted solutions of inhibitors in complete
culture medium and incubated in 24-well plates in triplicate at a final
concentration of 1% at 37°C for 24h under special gas mix of 5% CO,, 5% O,, 90%
N2, conditions that permit ring forms to develop into mature schizonts. Parasite
development was analysed by FACS after staining iRBCs with DNA-specific dye
Hoechst-33258. The cells were pelleted by centrifugation (450 g, 8 min) and
after removal of supernatant, cells were fixed with 0.25% glutaraldehyde/PBS
solution and stained with 10 pM Hoechst-33258 solution in PBS for 1h at 37°C.
Stained cells were analysed using MACSQuant analyser (Miltenyi Biotec,
Germany). UV excitation of Hoechst-33258 dye was performed with a violet laser
(450/50 nm) and the iRBC population was selected by gating on
forward/sidelight scatter. A total of 100,000 cells per samples were analysed
and mature schizonts were gated based on their fluorescence intensity and
counted in each sample. For determination of growth inhibition, the number of

mature schizonts observed was set to correspond to 100% growth for no drug
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for experimental purposes (Flanagan 1970), hence this method was used for

experiments.

2.5.2 Monitoring reticulocyte production

In all experimental animals, reticulocyte production was monitored whilst they
were under procedures to make sure that they were bled on the day when
number of reticulocytes was at its peak. A brief description of the procedure is

as follows:

One female TO (Theilers Original) mouse (26-30 g) or a female Wistar rat (150-
175 g) was injected intraperitoneally once with phenylhydrazine-HCl dissolved in
0.9% NaCl (w/v) at 100 mg/kg body weight and was monitored for production of
reticulocytes for 9 days. Every day, 5 pl of tail blood was taken in 500 pl
0.1%BSA/PBS (kept on ice) and mixed well. Erythrocytes were stained with
reticulocyte markers: either CD71 or sodium-potassium ATPase antibodies.
Briefly, for CD71 staining, erythrocyte suspension received 3.1 pl of 0.2 mg/ml
CD71-APC (17-0711, Ebioscience) conjugated antibody and 2.5 pl of 0.5 mg/ml
Ter119 FITC (11-5921 Ebioscience) conjugated antibody, incubated on ice for 30
minutes, spun down for 15 seconds at 13000g, supernatant removed and
resuspended in 0.1%BSA/PBS. For sodium-potassium ATPase staining, erythrocyte
suspension received 5 pl sodium-potassium ATPase antibody (AB76020, Abcam),
incubated on ice for 30 minutes, spun down for 15 seconds at 13000g,
supernatant removed, washed with 0.1%BSA/PBS and resuspended in 500 pl
0.1%BSA/PBS with 2.5 pul APC conjugated goat-anti-rabbit antibody (A-10931
Invitrogen). It was incubated on ice for 30 minutes, spun down, supernatant
removed and resuspended in 500 pl 0.1%BSA/PBS. Stained cells were analysed
using a MACSQuant analyser (Miltenyi Biotec, Germany).

2.5.3 Obtaining a pure population of reticulocytes

The highest number of reticulocytes in peripheral blood was observed on day 5
post single dose of phenylhydrazine-HCl. Hence reticulocytes were harvested on
day 5 after phenylhydrazine-HCl injection for subsequent experiments. A pilot
experiment was done to assess the number of reticulocytes which can be FACS
sorted within a reasonable amount of time from a 42% CD71 positive population.
Cells were prepared from a mouse treated with phenylhydrazine-HCl and cells
stained with CD71 antibody as described in 2.5.2. Cells were sorted on BD FACS

Aria cell sorter. Considering 2 continuous runs of about 1 hour 30 minutes, it was
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found that from a 42% APC positive population, 4.5 to 5 million APC positive and
6.5 to 7 million APC low/negative cells can be obtained in 1 hour. Therefore, to
sort 10’ cells, approximately 2 to 2.5 hours of sorting time will be required.
Sorting of 10 cells would require, approximately 20 hours during which time the
reticulocytes continue to mature to normocytes. So being very time consuming,
expensive and unconducive to experimental design, FACS sorting was ruled out
as a method to get pure populations of reticulocytes for metabolomics
experiments as at least 10® cells are needed for each replicate. The metabolic
signature of reticulocytes was deduced by comparing erythrocytes containing
98% or more normocytes to erythrocytes which were reticulocyte enriched (35%
or more). Another way of obtaining pure reticulocytes could be in vitro culture
of CD34+ peripheral mouse stem cells and differentiating them into erythroid
precursors. This method is not established in our laboratory yet and is being
explored as a future possibility with some collaboration. See chapter 3 for

details of reticulocyte metabolomics data.
2.6 Untargeted Metabolomics methods using LC-MS & GC-MS

2.6.1 Uninfected reticulocyte enriched and un-enriched red blood cell
preparation
For collecting reticulocyte enriched red blood cells, three female Wistar rats
were each injected with phenylhydrazine-HCl dissolved in 0.9% NaCl (w/v) at a
dose of 100 mg/kg body weight and reticulocyte percentage in peripheral blood
was monitored for 5 days as described in 2.5.2. In another three female Wistar
rats, reticulocyte percentage in peripheral blood was monitored for five days as
described in 2.5.2. On day five, all rats were bled by cardiac puncture and blood
from each rat was collected in 10 ml RPMI1640 medium. Each suspension was
passed through a prewashed Plasmodipur filter as described in 2.1.6. Cells were
eluted with 10 ml RPMI1640, which gave a total volume of 20 ml which was
divided into 2 falcon tubes with 10 ml each, tubes A and B. Both tubes were spun
at 450g for 8 minutes (acceleration 9/ deceleration 2). Supernatant was
removed from both the tubes. Pellet from tube A was resuspended in 100 ml
complete media containing 75% RPMI1640 and 25% FCS, transferred to a 150cm
flask, gassed for 60 seconds with a gas mix containing 5% CO, 5% O,, 90% N,. The
flask was then incubated for 24 hours at 37°C on a shaker at a minimal speed

just to keep the cells in suspension. Pellet from tube B was resuspended in 40 ml
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spun at 450g at 4°C for 8 minutes (acceleration 9/deceleration 2). Supernatant
was removed and cells were resuspended with 10 ml chilled erythrocyte lysis
buffer and keep on ice for 5 min. the suspension was again spun at 450g at 4°C
for 8 minutes (acceleration 9/deceleration 2). 4 tubes were prepared (total 12
tubes from all replicates) with 10 pl supernatant each and keep on ice until
metabolite extraction. The rest of the supernatant was removed and pellet was
resuspended into chilled ePBS. The pellet was divided into 4 tubes of 10® cells

(total 12 tubes from all replicates) and kept on ice until metabolite extraction.

2.6.4 Metabolite Extraction, drying and storage

All the tubes were kept cold while doing extractions. Tubes with 10® cells each
were centrifuged at 4°C for 10 minutes at 1300g and supernatant was removed.
The pellet was resuspended with 500 pl cold enriched PBS and centrifuged at
4°C for five minutes at 2700g and supernatant removed again. Pellet was then
resuspended in cold 200 pl of Chloroform/Methanol/Water (1:3:1) plus internal
standards (5-fluorouridine, Cl-phenyl-cAMP, N-methyl glucamine, Canavanine,
Piperazine all at 1 yM concentrations). The suspension was then mixed vigorously
on cooled (4° C) shaker for one hour and sonicated for two min in ice cold water
bath. This was followed by centrifugation for five minutes at 15,300g at 4°C. 180
hl supernatant was taken and split in two tubes separately for LC-MS runs in the
Glasgow Polyomics facility at the University of Glasgow and GC-MS runs in
Metabolomics Australia facility at the University of Melbourne. Tubes for the
Melbourne lab were dried down under nitrogen flow, capped tightly and put at -
80° C before shipment on dry ice. Tubes for the Glasgow lab were topped up with

nitrogen, capped tightly and kept at -80°C.

2.6.5 LC-MS analysis

For LC-MS analysis, samples underwent hydrophilic interaction liquid
chromatography-mass spectrometry with a 20mm x 2.1mm ZIC-HILIC guard
column coupled to a 150 x 4.6mm ZIC-HILIC analytical column running at
300ul/min which was attached to an Orbitrap Exactive (Thermo Fisher). The
gradient ran from 20% H,O0 80% acetonitrile to 80% H,0, 20% acetonitrile in 30
minutes, followed by a wash at 5% acetonitrile, 95% H,0 for 6 minutes, and
equilibration at 20% H,0, 80% acetonitrile for 8 minutes. Raw mass spectrometry
data was processed using the standard Glasgow Polyomics pipeline, consisting of
XCMS for peak picking (Smith, Want et al. 2006), MzMatch for filtering and
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grouping (Scheltema, Jankevics et al. 2011) and IDEOM for further filtering, post-
processing and identification (Creek, Jankevics et al. 2012). Core putative
metabolite identifications were validated against a panel of unambiguous
standards by mass and retention time. Matched mass and retention time is
acceptable as a tier 1 identification according to the Metabolomics Standards
Initiative (MSI) (Sansone, Fan et al. 2007). Additional putative identifications
were assigned by mass and predicted retention time followed by manual data
filtration for removing duplicates and false positives and for including false

rejections.

2.6.6 GC-MS analysis

For GC-MS, dried extracts were reconstituted with extraction solvent containing
an additional internal standard (scyllo-Inositol SI 1 nmol) and dried in vacuum.
Methoximation and derivatisation was done automatically with the help of an
auto-sampling robot, first by adding 20 pl of 20 mg/ml methoxyamine in pyridine
and shaking at 37°C for 2 hours and then adding 20 pl of BSTFA + 1% TMCS
Silylation reagent and shaking at 37°C for 1 hour. Samples were then rested at
room temperature for 1 hour and then 1 pl was injected on an Agilent 7890A GC
-5975 C mass-detector combination setup. Chromatography was done on a 30 m
VF5-MS column with 0.25 mm inner diameter and helium as the carrier gas. The
initial oven temperature was 70°C for 1 min, then 1°C/min oven temperature
ramp to 76°C, then 5°C/min to 325°C and held for 10 min. Obtained raw data
was fed through the Metabolomics Australia’s in-house Metabolomics software
PyMS (O'Callaghan, De Souza et al. 2012) which allowed for pre-processing of
data by peak-finding, integration and alignment and generated a data matrix of
candidate metabolites showing their intensity representing abundance of a
metabolite in a given sample and its unique retention time. Then using the
Agilent Chemstation software, the chromatograms were manually checked and
the peaks corresponding to the retention times in the PyMS matrix were analysed
for their Electron lonisation (El) spectrum. Metabolites were assigned putative
identities by matching their spectra (with a cut-off score of >90%) to Agilent
Fiehn and NIST GC-MS Metabolomics libraries of metabolite GC-MS spectra which

includes a searchable El spectrum and retention index.
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2.7.4 Isotopic labelling of P. berghei ookinete cultures

Parasites from line 820em1dcl2TBB (the parent producer line) and 137cl8 (48/45
ko which does not produce ookinetes but females are viable) were grown in 16
TO mice each (infection was started by mechanical passage to ensure similar
parasitaemias as described in 2.1.1). The mice were given sulfadiazine in
drinking water (30 mg/L) when the parasitaemia reached 30% and the mice were
kept on sulfadiazine for 48 hours which led to killing of all asexual stage
parasites and left mature circulating gametocytes at a parasitaemia of
approximately 6%. All mice were then bled (approximately 1.5 ml blood from
each mouse was obtained) into warm ePBS kept at 37°C to keep gametocytes
unactivated. Blood was passed through two pre-washed Plasmodipur filters to
remove leucocytes as described in 2.1.6. Cells were then spun at 450g for 8 mins
and resuspended in 600 ml minimal media (plus 100 pM Xanthurenic acid,
albumax 5g/l) pre-warmed to 21°C. After checking on haemocytometer, the
suspension was divided into 6 flasks so that each flask had 2x10™ total cells
(2x6x10® gametocytes) in a final volume of 90 ml. The flasks were incubated at
21°C and harvested at 10h post activation and 21h post activation. 2 hours
before harvesting, cells were spun at 450g for 8mins and supernatant was
removed. The cells were resuspended with 12 ml minimal media (plus 100 pM
Xanthurenic acid, albumax 5g/l) pre-warmed to 21°C with either *C U-Glucose
or with C"™N U-Glutamine or with unlabeled media components. Cells
suspensions were then incubated again at 21°C. After harvesting, cells from
each flask were then passed through prewashed MACS magnetic columns
(Miltenyi Biotec, Germany) to get rid of uninfected cells, washed twice with 4 ml
unlabeled complete minimal media and eluted with the same by taking the
column off the magnets and using a plunger twice in the final volume of 12 ml.
Metabolite extractions were then carried out on cells. At 21hours, the ookinete
cultures from the producer line were found to have ~70% ookinete conversion

rate whereas 137cl8 showed unfertilized female gametes only.

2.7.5 Metabolite Extraction, drying and storage

At each time point, before harvesting, to quench metabolism, the tubes were
immersed in a dry ice-ethanol bath. A thermometer was used to read the
temperature and the flasks were taken out as soon as it reached 8°C on the
scale. The culture suspension from each tube was then split to 6 tubes (108 cells

each) and the tubes were then spun at 1300g at 4°C and supernatant was
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Metabolome analysis was performed using two independent and complementary
approaches, Liquid Chromatography Mass Spectrometry (LC-MS) and Gas
Chromatography Mass Spectrometry (GC-MS). Briefly, raw LC-MS data was
processed using the standard Glasgow Polyomics pipeline, consisting of XCMS,
MZMatch and IDEOM and raw GC-MS data was processed using the standard
Metabolomics Australia pipeline consisting of PyMS matrix generation and
Chemstation Electron lonisation (El) spectrum match analysis (sections 2.6.5 and
2.6.6). From a total number of 4560 peaks collected from the two platforms, 333
putative metabolites (PM) were robustly identified (minimum confidence value
was set to 5/10 for LC-MS data analysis by IDEOM and minimum ion-spectra
match was set to 90% to Agilent Fiehn and NIST GC-MS Metabolomics libraries for
GC-MS data analysis by Chemstation) in all erythrocytes, although many more
probable metabolites were detected but were not readily assigned an identity.
For the purpose of description from hereon, uninfected reticulocyte enriched
erythrocytes are referred to as ‘reticulocytes’ and uninfected normocyte

enriched erythrocytes are referred to as ‘normocytes’. The volcano plot in

Figure 3-2 shows the distribution of abundance of detected PMs in reticulocytes

compared to normocytes.
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Figure 3-19 Representative images of mosquito infectivity of Pyrimidine biosynthesis mutant
parasites compared to wt. (A) Mosquito mid guts showing mature oocysts at day 14 post
infection in wt, oprt” and ompdc™ P. berghei infected reticulocyte enriched mosquitoes. (B)
Mosquito salivary glands showing sporozoites at day 21 post infection in wt, oprt” and ompdc’
P. berghei infected reticulocyte enriched mosquitoes.

3.2.4.5Pb270 rescued oprt” and ompdc™ ookinetes do not transmit through
mosquito
Pb270 (p47°) crosses which rescued the ookinete stage phenotype in oprt™ and

ompdc™ parasites pointing at male gamete specific defect (Figure 3-17B) were
also performed in vivo. This was done by injecting mice with a mixed suspension
of equal number (total 10%) of schizont stage parasites from Pb270 and either
oprt” or ompdc parasites and after 48 hours at approximately 3-5% parasitemia,
allowing mosquitoes to feed on these mice. Exflagellation, fertilisation and
ookinete development took place in mosquito midguts and mosquitoes were then
dissected to look for presence of oocysts on day 12-14. As the Pb270 parasites
were made in non-fluorescent background, any oocysts resulting from Pb270
self-fertilisation could not be observed quantitatively under the microscope. It
was found that fluorescent oocyst production was blocked in both the crosses
(Figure 3-20).

Comparative metabolomics of erythroid lineage
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Figure 3-20 Mosquito infectivity as observed by counting mature fluorescent oocysts of in
vivo crossed Pb270 x oprt” and Pb270 x ompdc™ mutant parasites compared to wt and self-
fertilised Pb270 on day 14 post infected blood feed in mosquito mid guts. n=20 mosquitoes
cumulative of two independent biological replicates. ***p<0.0005, unpaired two tailed t-test.

Also, no florescent sporozoites could be observed in salivary glands in these
mosquitoes. These mosquitoes were then allowed to bite naive mice on day 21
post infectious blood feed and mice were observed for parasites. By day 3-4,
parasites could be observed in peripheral blood and were harvested to obtain
genomic DNA to do genotypic characterisation. PCRs were performed to check
for presence of oprt, ompdc and p47 orfs in the transmitted parasites (tbb lines)
and it was observed that only Pb270 (p47°) parasites were transmitted (Figure
3-21).

Comparative metabolomics of erythroid lineage
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4 Plasmodium metabolism is stage specific

4.1 Introduction
Apicomplexans, which include the malaria parasite Plasmodium, belong to the

phylum Chromalveolata which also contains ciliates and dinoflagellates, many of
them photosynthetic. This phylum diverged from the main eukaryotic lineage
very early and members differ substantially from yeast and other metazoans
(Talevich, Tobin et al. 2012). Even though they contain a relict plastid, the loss
of photosynthetic ability seems to have resulted from the emergence of a
parasitic lifestyle for other apicomplexans and Plasmodium (Kalanon and
McFadden 2010).

The Plasmodium parasite has a complex lifecycle (see section 1.2) where it
resides in multiple environments, invades different cell types and undergoes
asexual reproduction by mitotic division as well as sexual reproduction,
fertilisation and meiosis. Across the life cycle, it uses a mosquito vector and a
mammalian host with many different biochemical nutrient sources and ambient

niches.

The life stage responsible for initiating the life cycle in the mosquito vector is
the gametocyte stage and P. berghei undergoes systematic production of these
sexual precursor cells (gametocytes) in every cycle (almost 20% of all cells)
unlike P. falciparum where gametocytogenesis is apparently (stress-) inducible.
The gametocytes in Plasmodium are different from asexual stages in morphology
and cell structure. In P. berghei, the asexual cycle takes 22-24 hours whereas
gametocyte development takes slightly longer, at 26-30 hours, after which
mature gametocytes enter a post-mitotic G, stage and stay quiescent for up to
further 24-30 hours before they degenerate and are removed from the
circulation (Mons, Janse et al. 1985). Waiting to be picked up by a blood meal
through a mosquito bite, gametocytes prepare themselves for a relatively hostile
environment within the mosquito mid-gut where a drastic change in environment
(e.g. low temperature, high pH) and other mosquito factors provide them with
cues to form haploid gametes which fuse to form a diploid zygote. The
apparently apolar zygote undergoes meiosis within 4 hours and after 18-24 hours
develops into an invasive motile polar form called the ookinete which then

traverses the midgut wall of the mosquito and forms an oocyst on the basal
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lonisation (El) spectrum match analysis (described in detail in section 2.6). The

comparisons of metabolomes showed the following results:

4.2.1 P. berghei schizonts vs uninfected reticulocyte enriched

erythrocytes

From a total nhumber of ~5000 peaks collected from the two platforms, 482
putative metabolites (PM) were robustly identified (minimum confidence value
was set to 5/10 for LC-MS data analysis by IDEOM and minimum ion-spectra
match was set to 90% to Agilent Fiehn and NIST GC-MS Metabolomics libraries for
GC-MS data analysis by Chemstation- see sections 2.6.5 and 2.6.6) in this
comparison group, although many more probable metabolites were detected but
were not readily assigned an identity. Of these, 218 (~45%) were up-regulated by
2 fold or more in schizonts, 181 (~38%) were unchanged with 83 (~17%) down-
regulated by more than 2 fold or absent as compared to uninfected reticulocyte
enriched erythrocytes (

Figure 4-1 and Table 3).

Of all the raw metabolomic peaks, including the unassigned ones, ~ 15% were
also observed to be similarly up-regulated in schizonts and ~24% were found to
be downregulated and the remaining were unchanged between schizonts and

uninfected reticulocyte enriched erythrocytes (

Figure 9-2).

Plasmodium metabolism is stage specific
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Figure 4-1 Volcano plot showing distribution of putative metabolites according to their fold

change in abundance in P. berghei schizonts vs reticulocyte enriched erythrocytes. All

significant changes are represented above the broken horizontal line. Coloured dots indicate

metabolites which are: Blue- significantly up-regulated, Red- significantly down-regulated,

Yellow- significant but little change, Brown- non-significant.
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4,2.2 P. berghei gametocytes vs uninfected reticulocyte enriched
erythrocytes

From a total number of ~5000 peaks collected from the two platforms, 452
putative metabolites (PM) were robustly identified (identification parameters
were set as above). Of these190 (~42%) were found to be upregulated in
gametocytes by 2 fold or more, 232 (~52%) were unchanged and 30 (~6%) were
downregulated by more than 2 fold or absent as compared to uninfected
reticulocytes (

Figure 4-2 and Table 4).

Of all the raw metabolomic peaks, including the unassigned ones, ~ 9% were also
observed to be similarly up-regulated in gametocytes and ~18% were found to be
downregulated and the remaining were unchanged between gametocytes and

uninfected reticulocyte enriched erythrocytes (

Figure 9-3).
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Figure 4-2 Volcano plot showing distribution of putative metabolites according to their fold
change in abundance in P. berghei gametocytes vs uninfected reticulocyte enriched
erythrocytes. All significant changes are represented above the broken horizontal line.
Coloured dots indicate metabolites which are: Blue- significantly up-regulated, Red-

significantly down-regulated, Yellow- significant but little change, Brown- non-significant.

4.2.3 P. berghei gametocytes vs schizonts

From a total number of ~5000 peaks collected from the two platforms, 478
putative metabolites were identified (identification parameters were set as
above) and compared and 116 (~24%) were found to be upregulated in
gametocytes as compared to schizonts whereas 210 (~44%) were unchanged. 152
(~32%) putative metabolites were downregulated or absent in gametocytes as
compared to schizonts (

Figure 4-3 and Table 5).

Of all the raw metabolomic peaks, including the unassigned ones, ~ 24% were
also observed to be similarly up-regulated in gametocytes and ~17% were found
to be downregulated and the remaining were unchanged between gametocytes

and schizonts (

Figure 9-4).

Plasmodium metabolism is stage specific
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Figure 4-3 Volcano plot showing distribution of putative metabolites according to their fold
change in abundance in Gametocytes vs Schizonts. All significant changes are represented
above the broken horizontal line. Coloured dots indicate metabolites which are: Blue-
significantly up-regulated, Red- significantly down-regulated, Yellow- significant but little

change, Brown- non-significant.

4.3 Observations
The identified metabolites across these sample groups were then charted on to

known metabolic pathways using metabolite search functions (which link a
metabolite to the pathways it could potentially be a part of) on databases such
as MPMP  (Malaria Parasite  Metabolic Pathways- accessible at
http://mpmp.huji.ac.il/) (Ginsburg 2006), Pathos (A metabolomics tool from
Glasgow Polyomics- accessible at http://motif.gla.ac.uk/Pathos/) (Leader,
Burgess et al. 2011), KEGG (Kyoto Encyclopedia of Genes and Genomes,
accessible at http://www.genome.jp/kegg/) (Kanehisa, Goto et al. 2006) and
MetaCyc (accessible at http://metacyc.org/) (Caspi, Altman et al. 2014). This
comprehensive comparison between the host and the parasite (at different life
stages- sections 4.2.1 and 4.2.2) and within the parasite metabolome (at

different life stages- section 4.2.3) revealed interesting insights into the

Plasmodium metabolism is stage specific
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5 Central Carbon metabolism in Plasmodium

5.1 Introduction
It has been widely accepted that the main energy generating pathway in

Plasmodium parasites is glycolysis (Homewood 1977). By leading a parasitic life
inside a host which has a practically unlimited supply of glucose, the
intracellular parasite inside the mammalian host was thought to rely exclusively
on glycolysis (Figure 5-1) for ATP generation. All enzymes involved in glycolysis
are expressed during intraerythrocytic blood stage development in Plasmodium
(Bozdech, Llinas et al. 2003).

Furthermore, the TCA cycle (Figure 5-2) which operates in the mitochondria and
uses glycolytic end products generated in the cytoplasm has recently been
explored into some detail in Plasmodium (Macrae, Dixon et al. 2013) where using
metabolomics, it was shown that in asexual stages the classical link between
glycolysis and the TCA cycle via glycolytic pyruvate was present although with a
low flux in contrast to the gametocyte stage where the TCA cycle was found to

be more active and essential for gametocyte maturation.

The role of anaplerosis (reactions involving intermediates of major metabolic
pathways like glycolysis and TCA cycle) via the CO, fixing enzyme pepc has
recently been dissected in detail in P. falciparum along with confirmation of

operation of a canonical full TCA cycle (Storm, Sethia et al. 2014).
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Figure 5-12 "*C U-Glucose labelling of TCA cycle intermediates in P. berghei gametocytes
during activation. TCA cycle intermediates were observed over the 30min activation process
(time points: 0, 1,10,20,30 min). Panels A, B, C, D and E show percentage labelling of
Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate) respectively on the y-
axis and time points on the x-axis. Panel F shows absolute abundance of these metabolites in
unactivated gametocytes and 30 minutes post activation in nmol in 2.5x10° cells. Error bars

indicate SD of n=3 biological replicates.

Isotopomer analysis of gametocytes through the activation process showed that
the main isotopomers were +2, +4 and +6 in case of citrate and +2 and +4 in case
of other TCA intermediates indicating the presence of a canonical TCA cycle
(Figure 5-13). Isotopomers containing +3 labelled carbons especially for
fumarate and aspartate were also observed again indicating the presence of
inter-conversions with the pepc mediated intermediary carbon metabolism (ICM)
as observed for the asexual stages. Labelled aspartate disappears after 20
minutes and could be totally converted to malate and/or fumarate after this
time by ICM as both of these metabolites have the +3 isotopomer as the main

labelled ions at 30 minutes post activation.
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Figure 5-13 Fraction labelling of TCA cycle isotopomers in P. berghei gametocytes during
activation in the presence of *C U-Glucose. TCA cycle intermediates were observed over the
30min activation process (time points: 0, 1,10,20,30 min). ‘m (n)’ on the x-axis indicates
the number of '*C atoms in each metabolite. Panels A, B, C, D and E show fraction labelling
of Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate) respectively on the y-

axis. Error bars indicate SD of n=3 biological replicates.

5.2.2.2 *C'°N U-Glutamine labelling
Again, as expected, "C'"N U-Glutamine did not label any glycolytic
intermediates (Figure 5-14) during gametocyte activation just as was observed in

asexual stages.
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gametocytes during activation. Glycolytic intermediates were observed over the 30min
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labelling of Glucose, Glucose 6-phosphate (Glucose-6-P), 3-Phosphoglycerate (3-PGA) and

Phosphoenolpyruvate (PEP) respectively on the y-axis and time points on the x-axis. Panel E
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shows absolute abundance of these metabolites in unactivated gametocytes and 30 minutes

post activation in nmol in 2.5x10° cells. Error bars indicate SD of n=3 biological replicates.

With *C"°N U-Glutamine labelling, all TCA intermediates, citrate, succinate,
fumarate, malate and aspartate (OAA) were found to be labelled (Figure 5-15) in
activating gametocytes pointing towards the existence of a canonical TCA cycle
with glutamine as a carbon source. However, the difference between succinate,
aspartate (OAA), and citrate labelling on the one hand and malate and fumarate
labelling on the other hand that was observed in asexual stages (where
succinate, oxaloacetate, and citrate appeared to be restricted to the
mitochondrion) was not seen in gametocytes. This suggested that ICM is present
but is probably downregulated compared to asexual stages as unlabelled
cytoplasmic pools of malate and fumarate (products of cytoplasmic glucose
derived ICM) could not dilute the "C'N U-Glutamine derived mitochondrial
produced malate and fumarate. However, the absolute abundance of TCA

metabolites was found to be quite low.
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Figure 5-15 'C'’N U-Glutamine labelling of TCA cycle intermediates in P. berghei
gametocytes during activation. TCA cycle intermediates were observed over the 30min
activation process (time points: 0, 1,10,20,30 min). Panels A, B, C, D and E show percentage
labelling of Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate) respectively
on the y-axis and time points on the x-axis. Panel F shows absolute abundance of these
metabolites in unactivated gametocytes and 30 minutes post activation in nmol in 2.5x10°

cells. Error bars indicate SD of n=3 biological replicates.

Isotopomer analysis of '*C'°N U-Glutamine labelled TCA cycle intermediates
during gametocyte activation reiterated the presence of a canonical TCA cycle
(Figure 5-16) as +2, +4 isotopomers of all TCA intermediates were seen. The
absence of +3 isotopomers of fumarate and malate again suggested a down-
regulated ICM during gametocyte activation, unlike the asexual stages. The low
abundance of TCA cycle intermediates of this pathway pointed towards down
regulation of TCA metabolism as well, compared to the asexual and ookinete
stages (see later). The observed +1 labelling in aspartate was due to the

presence of an additional labelled "N atom in "*C'°N U-Glutamine.
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Figure 5-16 Fraction labelling of TCA cycle isotopomers in P. berghei gametocytes during
activation in the presence of *C'°N U-Glutamine. TCA cycle intermediates were observed
over the 30min activation process (time points: 0, 1,10,20,30 min). ‘m (n)’ on the x-axis
indicates the number of '*C atoms in each metabolite (Additional “15 atom in the case of
aspartate). Panels A, B, C, D and E show fraction labelling of Citrate, Succinate, Fumarate,
Malate and Aspartate (Oxalo-acetate) respectively on the y-axis. Error bars indicate SD of

n=3 biological replicates.

5.2.3 Ookinetes

Gametocytes from line 820em1dcl2TBB (the parent gametocyte producer line)
and Pb137 (48/45 which produces gametocytes but only female gametocytes are
viable) were used for in vitro ookinete cultures. The latter line was used to
resolve the difference between unfertilised and fertilised female gametes at the
metabolic level. Samples were collected at two time points at 10 hours (retort
stage) and 21 hours (mature ookinetes). Two hours prior to collection, UIR were
removed using magnetic columns and cells were incubated in the presence of
either *C U-Glucose or "C™N U-Glutamine before rapidly quenching
metabolism, metabolite extraction and quantification of *C enrichment by GC-
MS (see section 2.7.4).

5.2.3.1 *C U-Glucose labelling

With 3C U-Glucose labelling, all glycolytic intermediates were found to be well
labelled especially with the glycolytic end product PEP, where almost 80%
labelling was observed both at 10 h and 21 h time points irrespective of
fertilisation of female gametes. However, glucose labelling was quite low at 10 h
and totally disappeared at the 21 hour time point suggesting a rapid turnover to
downstream metabolites with time (Figure 5-17). The presence of unlabelled
glucose in these cultures could be due to gluconeogenesis in the host cell

(reticulocytes) present in the cultures as seen with the asexual stage data.
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Figure 5-17 '*C U-Glucose labelling of glycolytic intermediates in purified P. berghei
ookinetes and unfertilised female gametes. Glycolytic intermediates were observed over 21
h ookinete maturation process (time points: 10 h and 21 h). Panels A, B, C and D show
percentage labelling of Glucose, Glucose 6-phosphate (Glucose-6-P), 3-Phosphoglycerate (3-

PGA) and Phosphoenolpyruvate (PEP) respectively on the y-axis and time points on the x-
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axis. Panel E shows absolute abundance of these metabolites in P. berghei ookinetes and
unfertilised female gametes at the 21 h time point in nmol in 2.5x10® cells. Error bars

indicate SD of n=3 biological replicates.

All TCA cycle intermediates also seem to be labelled with C U-Glucose
suggesting the presence of an active canonical TCA cycle (Figure 5-18). Labelling
in citrate, succinate and aspartate (OAA) was found to be higher than in malate
and fumarate, as seen in asexual stages and isotopomer analysis also suggested
that apart from the usual +2, +4 and +6 isotopomers of TCA cycle intermediates,
the presence of +3 labelled malate and fumarate suggested active ICM (Figure
5-19), especially at the 21 h time point where somewhat more label was seen in

unfertilised female gametes than in mature ookinetes.
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Figure 5-18 '3C U-Glucose labelling of TCA cycle intermediates in purified P. berghei
ookinetes and unfertilised female gametes. TCA cycle intermediates were observed over 21
h ookinete maturation process (time points: 10 h and 21 h). Panels A, B, C, D and E show
percentage labelling of Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate)
respectively on the y-axis and time points on the x-axis. Panel F shows absolute abundance
of these metabolites in P. berghei ookinetes and unfertilised female gametes at the 21 h

time point in nmol in 2.5x10° cells. Error bars indicate SD of n=3 biological replicates.
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Figure 5-19 Fraction labelling of TCA cycle isotopomers in purified P. berghei ookinetes and
unfertilised female gametes in the presence of >C U-Glucose. TCA cycle intermediates were
observed over 21 h ookinete maturation process (time points: 10 h and 21 h). ‘m (n)’ on the
x-axis indicates the number of 13C atoms in each metabolite. Panels A, B, C, D and E show
fraction labelling of Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate)

respectively on the y-axis. Error bars indicate SD of n=3 biological replicates.

5.2.3.2 *C"°N U-Glutamine labelling

3C>N U-Glutamine does not label any glycolytic intermediates in ookinetes, as
seen for other P. berghei stages described so far (Figure 5-20). Absolute
abundance of glycolytic intermediates reflects their presence due to unlabelled

glucose.
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Figure 5-20 '>C'°N U-Glutamine labelling of glycolytic intermediates in purified P. berghei

ookinetes and unfertilised female gametes. Glycolytic intermediates were observed over 21

h ookinete maturation process (time points: 10 h and 21 h). Panels A, B, C and D show
percentage labelling of Glucose, Glucose 6-phosphate (Glucose-6-P), 3-Phosphoglycerate (3-
PGA) and Phosphoenolpyruvate (PEP) respectively on the y-axis and time points on the x-
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axis. Panel E shows absolute abundance of these metabolites in P. berghei ookinetes and
unfertilised female gametes at the 21 h time point in nmol in 2.5x10® cells. Error bars

indicate SD of n=3 biological replicates.

All TCA cycle intermediates showed labelling with *C'°N U-Glutamine indicating
the presence of an active TCA cycle obtaining its carbon from glutamine (Figure
5-21). Like asexual stages labelled with "*C'°N U-Glutamine, the proportion
labelled was higher in succinate, aspartate (OAA), and citrate pointing towards
cytoplasmic pools of unlabelled fumarate and malate coming from pepc
mediated intermediary carbon metabolism (from unlabelled glucose) and
mitochondrial restriction of succinate, oxaloacetate, and citrate. This was not
observed with *C U-Glucose labelling data (Figure 5-18). Isotopomer analysis of
3C>N U-Glutamine labelling data showed the expected +2 and +4 isotopomers
strengthening the likelihood of the presence of a canonical TCA cycle during
ookinete development (Figure 5-22). The absence of +6 labelled carbon atoms
could be due to the accumulation of unlabelled glucose possibly from
gluconeogenesis in the uninfected reticulocytes present in the cultures. The
observed +1 labelling in aspartate was due to the presence of an additional

labelled N atom in "*C">N U-Glutamine.
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Figure 5-21 "*C"°N U-Glutamine labelling of TCA cycle intermediates in purified P. berghei
ookinetes and unfertilised female gametes. TCA cycle intermediates were observed over 21
h ookinete maturation process (time points: 10 h and 21 h). Panels A, B, C, D and E show
percentage labelling of Citrate, Succinate, Fumarate, Malate and Aspartate (Oxalo-acetate)
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of these metabolites in P. berghei ookinetes and unfertilised female gametes at the 21 h

time point in nmol in 2.5x10° cells. Error bars indicate SD of n=3 biological replicates.
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Figure 5-22 Fraction labelling of TCA cycle isotopomers in purified P. berghei ookinetes and
unfertilised female gametes in the presence of *C'’N U-Glutamine. TCA cycle intermediates
were observed over 21 h ookinete maturation process (time points: 10 h and 21 h). ‘m (n)’
on the x-axis indicates the number of '3C atoms in each metabolite (Additional 15 atom in
the case of aspartate). Panels A, B, C, D and E show fraction labelling of Citrate, Succinate,
Fumarate, Malate and Aspartate (Oxalo-acetate) respectively on the y-axis. Error bars

indicate SD of n=3 biological replicates.

5.2.4 Evidence of a partial GABA shunt in P. berghei.

There is evidence in Toxoplasma gondii of existence of a partial GABA (gamma-
Amino butyric acid) shunt as a means of energy storage (MacRae, Sheiner et al.
2012). 3C'>N U-Glutamine labelling of P. berghei parasites showed that during
asexual development, only late stage and mature schizonts actively produce
GABA and isotopomer analysis of these cells showed high level labelling of the +5
isotopomer of GABA (including the +1 from the Nitrogen atom in the carbon
source "*C™N U-Glutamine ) in the 24h schizont. No GABA was detected in UIR
(Figure 5-23) indicating that the production of GABA was a parasite specific
process. However absolute levels of GABA in asexual parasites were quite low

compared to mosquito stages (see later).
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Figure 5-23 '*C'°N U-Glutamine labelling of GABA in P. berghei asexual stages. (A) Labelling
of GABA was observed over the 24 hour asexual cycle (time points: 0, 6, 12, 18,24h) of P.
berghei infected reticulocyte enriched erythrocytes (PBIR) and uninfected reticulocyte
enriched erythrocytes (UIR). (B) Absolute abundance of GABA at the 24h time point in nmol
in 2.5x10° cells in PBIR and UIR. (C) Fraction labelling of GABA isotopomers observed at 24h
stage in PBIR and UIR in the presence of *C'*N U-Glutamine. ‘m (n)’ on the x-axis indicates
the number of *C or "N atoms and the y-axis indicates fraction labelled. Error bars indicate

SD of n=3 biological replicates.

Unactivated gametocytes showed almost 50% labelling of GABA in the presence
of 3C™N U-Glutamine but activating stages didn’t label well and absolute levels
of GABA were found to be much higher in unactivated gametocytes compared to
activated gametocytes (Figure 5-24) or asexual stages seen above. However
isotopomer analysis showed that +5 isotopomer was the most abundant species

in both activated and unactivated gametocytes.
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Figure 5-24 "3C"N U-Glutamine labelling of GABA in purified P. berghei gametocytes during
activation. (A) GABA labelling was observed over the 30min activation process (time points:
0, 1,10,20,30 min) of P. berghei gametocytes. (B) Absolute abundance at Omin and 30min
time points in nmol in 2.5x10° purified P. berghei gametocytes. (C) Fraction labelling of
GABA isotopomers observed over the 30min activation process (time points: 0, 1,10,20,30
min) of P. berghei gametocytes in the presence of *C°N U-Glutamine. ‘m (n)’ on the x-axis
indicates the number of "3C or "N atoms and the y-axis indicates fraction labelled. Error bars

indicate SD of n=3 biological replicates.

The most abundant labelling of GABA by *C'°N U-Glutamine was seen during the
ookinete development stage of P. berghei where at the 21 h time point in both
mature ookinetes and unfertilised activated female gametes, absolute levels of
GABA were the highest in the life cycle (almost 8 fold higher than unactivated
gametocytes and more than a hundred fold higher than the asexual stages -
figure 2-25 a). Isotopomer analysis also showed the +5 labelled isotopomer of
GABA to be present in both mature ookinetes and unfertilised, activated female

gametes (Figure 5-25) b).
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Figure 5-25 "*C'"N U-Glutamine labelling of GABA in purified P. berghei ookinetes and
unfertilised female gametes. GABA labelling was observed over the 21h ookinete maturation
process (time points: 10h and 21h). (B) Absolute abundance at 21h in mature ookinetes and
unfertilised female gametes in nmol in 2.5x10° cells. (C)Fraction labelling of GABA
isotopomers observed over 21h (time points: 10h and 21h) in purified P. berghei ookinetes
and unfertilized female gametes in the presence of *C'°N U-Glutamine. ‘m (n)’ on the x-axis
indicates the number of "3C or "N atoms and y-axis indicates the fraction labelled. Error bars

indicate SD of n=3 biological replicates.

5.3 Discussion

5.3.1 Asexual blood stages
These results, amongst other interesting observations, confirmed the already

known importance of glycolysis in P. berghei asexual stages as the main
catabolic pathway to utilise glucose. Even though glycolysis was confirmed to be

present in uninfected reticulocyte enriched erythrocytes (UIR), '*C U-Glucose
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was found be consumed in P. berghei infected reticulocyte enriched
erythrocytes (PBIR) much more rapidly than in UIR. The absolute abundance of
glycolytic intermediates in UIR was found to be higher than in PBIR which was
most likely due to the rapid turnover of glycolytic end products in PBIR to
downstream metabolites via the TCA cycle or intermediary carbon metabolism or
for rapid biomass generation to help in proliferative shizogony as seen in some

cancer cells (Salcedo-Sora, Caamano-Gutierrez et al. 2014).

Labelling of TCA cycle metabolites by *C U-Glucose suggested the existence of a
classical glycolysis to TCA cycle link via the glycolytic end product pyruvate,
however, the absence of a mitochondrial pyruvate dehydrogenase (PDH) in
Plasmodium spp. supported the proposed presence of a mitochondrion-located
branched chain a-keto acid dehydrogenase (BCKDH) complex which is present in
all apicomplexans, except Cryptosporidium spp. (Seeber, Limenitakis et al.
2008). A very recent study confirmed that BCKDH indeed facilitates this process
(Oppenheim, Creek et al. 2014).

Isotopomer analysis showed the activity of pepc mediated ICM with C;-PEP
becoming carboxylated to '*C;-oxaloacetate but the low labelling of these
intermediates pointed towards the possibility of other carbon sources entering
into the TCA cycle (this was further resolved by *C'°N U-Glutamine labelling of
PBIR- see below). TCA cycle intermediates were also detected in UIR labelled
with C U-Glucose (containing 35% reticulocytes) but their labelling and
abundance was quite low. However, the importance of carbon metabolism in the

host cell cannot be ignored, especially in the light of these data.

BC>N U-Glutamine labelling showed that glutamine can be used as a carbon
source in the TCA cycle during P. berghei asexual growth. Higher observed
labelling in succinate, aspartate (OAA), and citrate suggested the presence of
specific compartmentalisation of these metabolites to mitochondria as fumarate
and malate, which can coexist in cytoplasmic pools made by pepc mediated ICM
via PEP coming from unlabelled glucose, were shown to be present as labelled

isotopomers of reduced abundance.

5.3.2 Reductive carboxylation in reticulocytes during TCA metabolism
With *C">N U-Glutamine, in UIR, labelling of TCA metabolites was found to be

higher than that observed with *C U-Glucose. Isotopomer analysis of *C"N U-

Glutamine incubated UIR revealed the possibility of presence of a ‘reductive
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arm’ of TCA metabolism and provided an explanation for the presence of +5
isotopomers of citrate in Plasmodium parasites as previously observed (Olszewski,
Mather et al. 2010). Reductive carboxylation during TCA metabolism is a
characteristic of cancerous cells with defective mitochondria (Mullen, Wheaton
et al. 2012) or cells which are under stress (Metallo, Gameiro et al. 2012).
Reticulocytes in the peripheral circulation are in a process of losing their
organelles as they mature. The degeneration of mitochondria in reticulocytes
takes place by a process of autolysis where they swell up, lose cristae and turn
into single membrane bound vesicles, and then or fuse with lysosomes or are
exocytosed (Gronowicz, Swift et al. 1984). It is also possible that these
mitochondria in reticulocytes may use isoforms of NADP (+)/NADPH-dependent
isocitrate dehydrogenase to produce glutamine-derived citrate and subsequently,
acetyl-coenzyme A for lipid synthesis which is an active process in reticulocytes
(Ballas and Burka 1974).

5.3.3 Gametocytes
Gametocyte activation is an energy demanding process and glycolysis has been

considered to be the main energy contributor to male microgamete motility
(Slavic, Delves et al. 2011) as with other parasite stages. During the activation
process, female gametocytes differentiate into a single, spherical macrogamete
whereas male gametocytes undergo three rapid rounds of nuclear division and
within 8-12 minutes form eight microgametes each (Janse, Van der Klooster et al.

1986). Gametes then emerge from the host cells which is an active process.

Using "3C U-Glucose labelling, glycolytic intermediates in activating gametocytes
were labelled but their absolute levels were found to be relatively low and the
labelling of the glycolytic end product phosphoenolpyruvate (PEP) was found to
be weak. Labelling of TCA cycle intermediates and their isotopomer analysis
during gametocyte activation in the presence of '*C U-Glucose indicated the

presence of a canonical TCA cycle.

TCA cycle intermediates were also labelled by C'"N U-Glutamine but the
mitochondrial restriction of some metabolites as was observed in asexual stages
was not seen in gametocytes. As +3 isotopomers of fumarate and malate were
not detected, this also suggested a downregulated ICM during gametocyte
activation, compared to the asexual stages. Although carbon skeletons from both,

glucose and glutamine were found to enter the TCA cycle, the absolute
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abundance of the intermediates of TCA cycle was quite low. However, as glucose
derived glycolysis and subsequent TCA cycle operation is not the only manner in
which activating gametocytes generate energy, there may be other pathways

which facilitate this (section 0).

Overall, it was found that gametocytes were not very active metabolically as
compared to asexual developmental stages (section 5.3.1) or ookinetes (section
5.3.4). Gametocytes are quiescent cells which when matured, reach a stable G1
cell cycle arrest stage (Lasonder, Ishihama et al. 2002) and circulate in the
peripheral blood stream waiting to be picked up by the mosquito. Previous
studies have also indicated that they are minimally active in terms of their
metabolism (Sinden and Smalley 1979). This sexual precursor stage of the
parasite is in a preparatory phase for development in the mosquito stage and
although it does seem to store factors for later use (Mair, Braks et al. 2006)
(section 0), there was little active metabolism observed through the central

carbon pathways in this study in the short window of 30 minutes of activation.

5.3.4 Ookinetes
The process of ookinete maturation leads to the formation of a motile parasite

stage which traverses the midgut wall of the mosquito and forms an oocyst on
the basal lamina of the midgut. Ookinete motility is an active process mediated
by the actin-myosin motor complex (Siden-Kiamos, Ecker et al. 2006) which
requires energy. It was concluded from our data that maturing ookinetes (and
unfertilized female gametes) rapidly utilized glucose and turned it over to
glycolytic intermediates with most labelling observed in the end product PEP
with C U-Glucose labelling. All TCA cycle metabolites were also found to be
labelled with *C U-Glucose as a carbon source and the compartmentalization of
citrate, succinate and oxaloacetate to mitochondria was observed, similar to

asexual stages with fumarate and malate also present in the cytosol.

3C™N U-Glutamine labelling also showed glutamine entering the TCA cycle as all
intermediates were found to be labelled and operation of a canonical cycle. No
+5 isotopomers of citrate were found in this exo-erythrocytic stage of the
parasite, unlike the asexual stage, further strengthening the argument that the
‘reductive arm’ of TCA metabolism was reticulocyte specific. The flux coming
from glutamine through the TCA cycle was found to be more than that coming

from glucose as a carbon source. This was confirmed by almost 90% labelling of
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aspartate (OAA) in *C'°N U-Glutamine fed ookinete cultures compared to 20-30%
in 3C U-Glucose fed cultures. Also, it was noted that unfertilized female gamete
also undergoes similar metabolism as a fertilized ookinete, suggesting that

fertilization is not a prerequisite for pre-programmed metabolism.

It has been shown that blocking the TCA cycle in P. falciparum asexual stages by
the chemical inhibitor Sodium fluoroacetate (NaFAc) (which combines with
coenzyme A to produce fluoroacetyl CoA in turn, reacting with citrate synthase
to produce fluorocitrate which binds very tightly to aconitase stopping the citric
acid cycle (Proudfoot, Bradberry et al. 2006)) did not have any effect on cell
viability (Macrae, Dixon et al. 2013). Also, deletion of a gene of flavoprotein (Fp)
subunit Pbsdha (PBANKA_051820), one of the four components of complex Il, a
catalytic subunit for succinate dehydrogenase activity, did not have any effect
on asexual growth in P. berghei (Hino, Hirai et al. 2012). However, in these
studies, blocking aconitase stopped gametocytes from maturing and deletion of
the succinate dehydrogenase subunit impaired the development of ookinetes and
ookinete to oocyst transmission. It is possible that oxidative phosphorylation via
the Electron Transport Chain (ETC), which is the most efficient step in producing
ATP in the glycolysis>TCA cycle>ETC carbon flow and also takes part in heme
biosynthesis is necessary for ookinete maturation and deleting the complex I
subunit of succinate dehydrogenase (which also takes part in the TCA cycle and
is a link between TCA cycle and ETC) compromises both, the TCA cycle and the
ETC. It was surprising then that this did not have any effect on development of

gametocytes in P. berghei (Hino, Hirai et al. 2012).

It was thought therefore that it would be interesting to delete aconitase in P.
berghei to resolve this question. It was found that Aconitase (PBANKA_135520)
can indeed be deleted in P. berghei (Figure 9-6) and functional characterization

of the mutant is underway.

5.3.5 GABA as an energy source in ookinete stage
One of the most important observations in this study was the labelling of GABA

(y-Amino Butyric Acid) observed in *C'"°N U-Glutamine enriched cultures in all P.
berghei stages. GABA is stored as a short term energy reserve in the
apicomplexan parasite Toxoplasma gondii where it takes part in a GABA shunt in

which intermediates from the TCA cycle are used to synthesize glutamate, which
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is subsequently decarboxylated to GABA which directly converts to succinate
(MacRae, Sheiner et al. 2012).

In our data, we found that with *C'°N U-Glutamine as the labelled carbon source,
late stage and mature schizonts of P. berghei were found to label GABA,
although the absolute levels in asexual stages were not very high. This was found
to be exclusive to infected cells, ruling out this pathway in uninfected cells.
Unactivated gametocytes seemed to accumulate GABA possibly in anticipation of
the energy requirements during the mosquito stages. The most abundant and
remarkable presence of GABA was seen in the ookinete developmental stages
where 21 hours post activation, levels of GABA were the highest in the life cycle.
Such high levels of GABA in the ookinete suggest a partial GABA shunt may
operate in P. berghei as seen in Toxoplasma gondii and may play an important

role in the mosquito stage transition and the establishment of the oocyst stage.

It should be noted that there is an important distinction between Toxoplasma
and Plasmodium in GABA metabolism as Toxoplasma encodes for an enzyme
succinate semi-aldehyde dehydrogenase, which is required for the direct
conversion of GABA to the TCA-cycle intermediate succinate (MacRae, Sheiner et
al. 2012) whereas Plasmodium does not encode for this enzyme (Gardner, Hall et
al. 2002). Also, GABA is formed by decarboxylation of glutamate but the genes
orthologous to those representing canonical versions of the enzyme which
catalyzes this reaction, glutamate decarboxylase were not found in Plasmodium
or Toxoplasma genomes. However, glutamate decarboxylases belong to an
amino acid decarboxylase superfamily (Cook, Roos et al. 2007) and share
conserved domains with other members of the same superfamily. A putative
lysine decarboxylase (ldc) which usually converts lysine to cadaverine (not
detected in our P. berghei metabolomics data or in Toxoplasma metabolomics
data (MacRae, Sheiner et al. 2012)) is found in both Plasmodium (Gardner, Hall
et al. 2002) and Toxoplasma genomes (Gajria, Bahl et al. 2008). ldc was shown
to encode for a putative glutamate decarboxylase like protein (MacRae, Sheiner
et al. 2012).

It is thus possible that deleting the Plasmodium [dc (PBANKA_100340) will
prevent the formation of GABA and show an ookinete stage phenotype. Potential
transporters of GABA or glutamate to mitochondria e.g. Glutamate

dehydrogenases (gdha-1,2,3) which are not required for asexual growth in P.
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falciparum  (Storm, Perner et al. 2011), amino acid transaminases (e.g.
Ornithine amino transferase: PBANKA_010740) and another putative transporter
(PBANKA_030670) (MacRae, Sheiner et al. 2012) could also be targeted to stop
ookinete mitochondria from accessing GABA as a potential energy source and
halt the parasite at this stage. RNA seq data from our lab (A.Religa, unpublished
data) shows that gdht is expressed at a high level in ookinetes and [dc shows
high expression in the gametocyte stage. A simplistic possible model of GABA

metabolism in P. berghei ookinete is represented in Figure 5-26.
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Figure 5-26 Model of GABA metabolism in P. berghei ookinetes. gdha- glutamate
dehydrogenases: PBANKA_102620 (gdha1) PBANKA_101400 (gdha2) PBANKA_122820
(gdha3), oat- Ornithine amino transferase (PBANKA_010740), other transporter
(PBANKA_030670), [dc- Lysine decarboxylase (PBANKA_100340)

5.4 Conclusions

This study elucidated the different roles of glucose and glutamine metabolism in
P. berghei with both glycolysis and the TCA cycle found to be active in all stages
although to varying degrees. The possibility of gluconeogenesis in reticulocytes
was raised due to replenishment of unlabelled glucose in cultures and needs to
be explored further. The observation that reticulocytes possess a reductive arm
of TCA metabolism was intriguing and explains the observation of this pathway in
P. falciparum cultures in which reticulocytes were present (Olszewski, Mather et
al. 2013). The flux through the glutamine derived TCA cycle was found to
dominate over the glycolytic pyruvate derived TCA cycle in all stages. An
important similarity between the asexual and ookinete stages was the observed
restriction of citrate and succinate to mitochondria and presence of fumarate,
malate and oxaloacetate in both the cytosol (derived via the active ICM

pathway) as well as the mitochondria. This compartmentalisation was not
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observed in gametocytes which were found to be less active in terms of classical
carbon metabolism. The characterisation of aconitase deficient P. berghei
parasites would reveal the role of the canonical TCA cycle in gametocyte

development and maturation.

The gametocytes did show GABA labelling by "C™N U-Glutamine and the
observed absolute abundance of GABA in unactivated gametocytes was slightly
higher than asexual stages which seemed to decrease 30 minutes post activation.
This suggested that gametocyte might employ GABA metabolism during
activation but the levels observed during ookinete maturation were at least 15
fold higher than unactivated gametocytes pointing towards ookinetes as the
main stage for GABA metabolism in P. berghei life cycle. The proposed presence
of alternative energy storage and generation system in gametocytes has been

discussed in section 6.

The proposed role of GABA metabolism in the ookinete stage is of great interest
with a number of genes implicated in this pathway as potential targets for
dissecting the biology of energy metabolism at this stage. Extensive work to
delete or conditionally knock out all the genes implicated in this pathway
(Figure 5-26) is ongoing (we have successfully deleted five out of 6 genes- data
not shown) which will be followed by phenotypic analyses and targeted
metabolomics study of these mutants to further elucidate the role of GABA

metabolism in P. berghei parasites.

Central carbon metabolism in Plasmodium
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6 Phosphocreatine is a potential energy reserve in P.
berghei gametocytes

6.1 Introduction
The importance of energy metabolism in P. berghei has been emphasised in the

previous chapter dealing with carbon metabolism. The gametocyte stage of
Plasmodium parasites get ready for the hostile environment in the mosquito-mid
gut and prepare themselves by using strategies like translational repression (Mair,
Braks et al. 2006) to facilitate a quick turnover of proteins during development.
The up-regulation of TCA function in gametocytes also reflects an anticipation
of increased energy demands in female gametes which prepare themselves for
the post-fertilization stages when they convert from a non-motile apolar zygote
to a polar and motile ookinete stage, during which access to glucose in the
mosquito midgut and hemolymph may be limited (Talman, Domarle et al. 2004).
The energy requirements of the male gametocyte are high and specific to the
first few minutes after the mosquito takes the blood meal when a drastic
change in environment (e.g. low temperature, high pH) and other mosquito
factors like xanthurenic acid give them cues to form haploid gametes (Muhia,
Swales et al. 2001) (Arai, Billker et al. 2001). Female gametocytes differentiate
into a single, spherical macrogamete whereas male gametocytes undergo three
rapid rounds of nuclear division and within 8-12 minutes form eight
microgametes each (Janse, Van der Klooster et al. 1986). During the formation
of the male gametes, such rapid nuclear division and development of flagella
which start beating violently to form exflagellation centers is one of the most
spectacular events of the Plasmodium life cycle. It is a very active process,
probably requiring a very rapid turnover of ATP production. Glycolysis has
classically been considered to be the main pathway which facilitates this in

Plasmodium (Slavic, Delves et al. 2011, Sinden, Carter et al. 2012).

6.1.1 Phosphagen energy system

Apart from glycolysis, the TCA cycle and oxidative phosphorylation, another
energy system called the phosphagen system has been described to operate in
higher organisms and is described as the quickest way to resynthesize ATP
(Wallimann, Wyss et al. 1992) without oxygen and does not produce lactic acid
and hence can be described as alactic anaerobic energy generation. The

phosphagen system utilises phosphocreatine (PCr) which is stored as a rapidly
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mobilizable reserve of high energy phosphate in metazoans and releases ATP in
the reversible reaction catalysed by the enzyme creatine kinase (ck) (Figure
6-1).
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Figure 6-1 Creatine kinase interconverts phosphocreatine into creatine releasing ATP in a

reversible reaction (accessed from http://en.wikipedia.org/wiki/Creatine_kinase)

In most muscles, the ATP regeneration capacity of ck is very high and
considerably exceeds both ATP utilization as well as ATP replenishment by
oxidative phosphorylation and glycolysis. For example, the maximal rate of ATP
synthesis by the ck reaction in rat cardiac muscle (30 pmol/s/g) is much higher
than the rate of ATP production by oxidative phosphorylation (2.5 pmol/s/g)
(Wallimann, Wyss et al. 1992).

6.1.2 Creatine kinase

Creatine kinase (ck) belongs to a group of phosphagen kinases which has evolved
by a gene duplication event from arginine kinase (followed by creatine
specificity, quaternary structure and a mitochondrial targeting sequence for Mt
isoforms) (Ellington and Suzuki 2007). There are four isoforms of this enzyme in

vertebrates.

1. Mtck1- Mitochondrial UMtck found ubiquitously in mitochondria in
vertebrates.

2. Mtck2- Mitochondrial SMtck found in sarcomeric mitochondria in
vertebrates.

3. Cytck-M- Cytoplasmic M-ck Muscle type in muscle cells of vertebrates.

4. Cytck-B- Cytoplasmic B-ck Brain type in neuronal cells of vertebrates.

A flagellar isoform is also found in primitive spermatozoa of protochordates and
marine sponges (Tombes and Shapiro 1987). Plasmodium parasites do not encode

for any obvious ck isoforms.

Phosphocreatine is a potential energy reserve in P. berghei gametocytes
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6.2 Results

6.2.1 Gametocytes store phosphocreatine

Comparative untargeted metabolomics of P. berghei mature gametocytes and
mature schizonts revealed that gametocyte infected erythrocytes contain almost
50 fold higher levels of phosphocreatine when compared to mature schizonts
(Table 5). UIR were also found to store roughly 12 fold higher levels of
phosphocreatine compared to normocytes (mature erythrocytes) (Table 2). The
abundance of phosphocreatine in gametocyte infected reticulocytes was only
marginally higher compared to uninfected reticulocytes (Table 4) and because it
was detected in only whole cells and not lysed parasite pellets, it suggested that
gametocytes probably store the host phosphocreatine for later use while

schizonts seemed to have exhausted this resource (Figure 6-2).

Bl Creatine
@l Phosphocreatine

Gametocytes vs Schizonts -
Gametocytes vs Reticulocytes
Schizonts vs Reticulocytes
|

Reticulocytes vs Mature erythrocytes
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Figure 6-2 Fold change of Creatine and Phosphocreatine as observed in different sample
groups compared in the untargeted metabolomics study.

The discovery of phosphocreatine in gametocytes was of interest. However,
since mass alone is insufficient to prove identity, MS/MS was performed on
gametocyte extracts and the fragmentation pattern of the putative
phosphocreatine was matched to commercially acquired phosphocreatine (Sigma
P7936) which confirmed the validity of the identification (Figure 6-3).
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Figure 6-3 MS/MS fragmentation for identification of phosphocreatine. The x-axis shows m/z
ratio and the y-axis shows relative abundance of fragmented ions. Detected Molar mass of
phosphocreatine 211.0355823. Left panel: Commercially acquired standard phosphocreatine
(sigma P7936) with retention time 18.45 min. Right panel: phosphocreatine detected in
gametocyte extract at retention time 18.57 min. Six major fragmentation ions were found to
match between the standard and sample (90.0549, 114.0661, 132.0766, 167.0215,
194.0324, and 212.0430) which confirmed the identification.

6.2.2 Creatine kinase is not encoded by P. berghei.

All creatine kinase isoforms in the P. berghei mammalian host, Mus musculus
have two phosphagen kinase domains and two ATP binding domains. The two
mitochondrial isoforms additionally contain one mitochondrial transit peptide

and one cardiolipin binding domain each (Figure 6-4).
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Creatine kinase isoforms in Mus musculus
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Figure 6-4 Creatine kinase isoforms in Mus musculus

Comprehensive bioinformatics analyses using whole enzyme isoform sequences
and conserved phosphagen kinase and ATP binding domains failed to identify a

closely related enzyme in Plasmodium spp. or other apicomplexans.

6.2.3 Creatine kinase enzyme activity is present in UIR and PBIR

The absence of ck enzyme in Plasmodium spp. suggested that if the parasites
make use of the phosphagen system, they might hijack the enzyme from the host
erythrocyte. To check for the presence of ck in erythrocytes, a ck activity assay
was performed (using EnzyChrom™ Creatine Kinase Assay Kit ECPK-100 from
BioAssay Systems according to the manufacturer’s instructions) on uninfected
erythrocytes (normocytes and reticulocyte enriched), purified schizonts (whole
and lysed), purified gametocytes (whole, lysed and activated) and purified
ookinetes. It showed the presence of ck activity in whole uninfected and
infected erythrocytes but the activity was not detected in lysed parasites at
either the schizont or gametocyte stage or in exoerythrocytic activated
gametocytes or ookinete stages (Figure 6-5). However, the detected ck activity

in these samples was at least 30 fold less than in positive controls (samples from
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mouse muscle and brain homogenates where ck activity is supposed to be

maximum).

Creatine kinase activity assay

Ookinetes -
Gametocytes activated -
Gametocytes lysed

Gametocytes whole G
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Schizonts whole ;
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Figure 6-5 Creatine kinase activity assay. ck Activity was detected only in uninfected and
infected whole erythrocytes. No ck activity was detected in lysed parasite pellet or activated
gametocytes and ookinetes. Normalisation was done by matching protein concentration of
positive controls (muscle and brain homogenates) to uninfected and infected erythrocytes
and equal numbers of cells (1x10%) were used for the lysate used for activity assay. Error

bars indicate n=3 biological replicates.

6.2.4 Creatine kinase could not be detected using a specific antibody

An antibody (ab76506 Abcam) against a 91 amino acid fragment of human Mtck
which was found to be conserved in a mouse Mtck isoform (Figure 6-6) was used
for immuno-pull down and western blot analysis of uninfected erythrocytes
(normocytes and reticulocytes), schizonts (whole and lysed), gametocytes
(whole, lysed and activated) and ookinetes, however, the protein could not be
detected in any of the samples despite detection of ck enzyme activity. The
antibody detected the right sized band (46kDa) in brain and muscle homogenates
of mouse which served as positive controls but a titration based on protein
concentration showed that the limit of detection was quite high as lysate
containing at least 1ug of protein from these homogenates had to be loaded on
the gel to be able to see the chemi-luminescence signal (Figure 6-7). This

suggested that ck might be present in very low quantities (enough to show
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enzyme activity) in uninfected and infected erythrocytes but not enough to be

detected by immuno-pulldowns or western blot analysis.

HumanCKmt MAGPFSRLLSARPGLRLLALAGAGSLAAGFLLRPEPV-RAASERRRLYPPSAEYPDLRKH 59
MusCKmtl MAGPFSRLLSARPGLRLLALAGAGSLTAGILLRPESVGARARERRRLYPPSAEYPDLRKH 60
MusCKmt2 MASAFSKLLTGRNASLLFTTLGTSALTTGYLLNRQKVSADAREQHKLFPPSADYPDLRKH 60
MusCK-M - = = == ———-MPFGNTHNKFKINYKPQEEYPDLSKH 26
MusCK-B_ ~  ——————— - -—= ———-MPFSNSHNTQKLRFPAEDEFPDLSSH 26
T sakkk %
HumanCKmt NNCMASHLTPAVYARLCDKTTPTGWTLDQCIQTGVDNPGHPFIKTVGMVAGDEETYEVFA 119
MusCKmtl NNCMASHLTPAVYARLCDKTTPTGWTLDQCIQTGVDNPGHPFIKTVGMVAGDEETYEVFA 120
MusCKmt2 NNCMAECLTPTIYAKLRNKMTPSGYTLDQCIQTGVDNPGHPFIKTVGMVAGDEESYEVFA 120
MusCK-M NNHMAKVLTPDLYNKLRDKETPSGFTLDDVIQTGVDNPGHPFIMTVGCVAGDEESYTVEFK 86
MusCK-B__ NNHMAKVLTPELYAELRAKCTPSGFTLDDAIQTGVDNPGHPYIMTVGAVAGDEESYDVFK 86
X%k kk | kkk sk Kk kK kKakakkk: kkkkKkKkAkKKKkKk:k Kkk Kkkkkk:k k¥
HumanCKmt DLFDPVIQERHNGYDPRTMKHTTDLDASKIRSG-YFDERYVLSSRVRTGRSIRGLSLPPA 178
MusCKmtl ELFDPVIQERHNGYDPRTMKHTTDLDASKIRSG-YFDERYVLSSRVRTGRSIRGLSLPPA 179
MusCKmt2 DLFDPVIKLRHNGYDPRVMKHPTDLDASKITHG-QFDERYVLSSRVRTGRSIRGLSLPPA 179
MusCK-M _ DLFDPIIQDRHGGYKP-TDKHKTDLNHENLKGGDDLDPNYVLSSRVRTGRSIKGYTLPPH 145
MusCK-B_ DLFDPIIEERHGGYQP-SDEHKTDLNPDNLQGGDDLDPNYVLSSRVRTGRSIRGFCLPPH 145
skkkkake Kk k¥ % sk Kkkke s+ ok sk kkkkkkkxkkkkk-k  kkk
HumanCKmt CTRAERREVERVVVDALSGLKGDLAGRYYRLSEMTEAEQQQLIDDHFLFDKPVSPLLTAR 238
MusCKmt1l CTRAERREVERVVVDALSGLKGDLAGRYYRLSEMTEAEQQQLIDDHFLFDKPVSPLLTAR 239
MusCKmt2 CSRAERREVENVAITALEGLKGDLAGRYYKLSEMTEQDQQRLIDDHFLFDKPVSPLLTCA 239
MusCK-M CSRGERRAVEKLSVEALNSLTGEFKGKYYPLKSMTEQEQQQLIDDHFLFDKPVSPLLLAS 205
MusCK-B_ CSRGERRAIEKLAVEALSSLDGDLSGRYYALKSMTEAEQQQLIDDHFLFDKPVSPLLLAS 205
Kok kkk sk s 2 Kk Kk Kae: kakk Kk kkk ckkokkkKkkkkkXkKkkkk
HumanCKmt GMARDWPDARGIWHNNEKSFLIWVNEEDHTRVISMEKGGNMKRVFERFCRGLKEVERLIQ 298
MusCKmtl GMARDWPDARGIWHNNEKSFLIWVNEEDHTRVISMEKGGNMKRVFERFCRGLKEVEKLIQ 299
MusCKmt2 GMARDWPDARGIWHNYDKTFLIWINEEDHTRVISMEKGGNMKRVFERFCRGLKEVERLIQ 299
MusCK-M GMARDWPDARGIWHNDNKSFLVWVNEEDHLRVISMEKGGNMKEVFRRECVGLQKIEEIFK 265
MusCK-B_ GMARDWPDARGIWHNDNKTFLVWINEEDHLRVISMQKGGNMKEVETRFCTGLTQIETLFK 265
KAk HIKKKKIIK K o kko ke hhkdkdh *kkkk-hkkkkdk *k *kkx k% - %
HumanCKmt ERGWEFMWNERLGYILTCPSNLGTGLRAGVHIKLPLLSKDSRFPKILENLRLOQKRGTGGV 358
MusCKmtl ERGWEFMWNERLGYILTCPSNLGTGLRAGVHIKLPLLSKDNRFPKILENLRLQKRGTGGV 359
MusCKmt2 ERGWEFMWNERLGYILTCPSNLGTGLRAGVHVRIPKLSKDPRFSKILENLRLQKRGTGGV 359
MusCK-M KAGHPFMWNEHLGYVLTCPSNLGTGLRGGVHVKLANLSKHPKFEEILTRLRLQKRGTGGV 325
MusCK-B_ SKNYEFMWNPHLGYILTCPSNLGTGLRAGVHIKLPHLGKHEKFSEVLKRLRLQKRGTGGV 325
Kokdk kAR RAKKKKKKKIKK _*kkeor K K ek sk kkkkkkkkkkk
HumanCKmt DTAATGGVEDISNLDRLGKSEVELVQLVIDGVNYLIDCERRLERGQDIRIPTPVIHTKH- 417
MusCKmtl DTAATGSVFDISNLDRLGKSEVELVQLVIDGVNYLIDCERRLERGQDIRIPPPLVHSKH- 418
MusCKmt2 DTARVADVYDISNIDRIGRSEVELVQIVIDGVNYLVDCEKKLERGQDIKVPPPLPQFGRK 419
MusCK-M _ DTAAVGAVFDISNADRLGSSEVEQVQLVVDGVKLMVEMEKKLEKGQSIDDMIPAQK-—--— 381
MusCK-B _ DTAAVGGVFDVSNADRLGFSEVELVQMVVDGVKLLIEMEQRLEQGQAIDDLMPAQK-——— 381
Kkkk | Kekekk kKoK Kkkk Kk-kakkk: .- Keokkokk X *

Figure 6-6 Antibody ab76506 from Abcam was raised against a 91 amino acid fragment of

human Mtck (in red) conserved in the mouse mitochondrial isoform.
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Muscle

Brain

Figure 6-7 Western blot analysis using ab76506 showing titration of protein content from
positive controls. Top panel- mouse muscle homogenate, bottom panel- mouse brain

homogenate.

Since the relative specific activity in the erythrocytes was only one-thirtieth that
in the control cells, it seems possible that the quantity of ck present in the

erythrocytes is below the limit of detection.

6.2.5 Creatine kinase inhibition: effect on P. berghei development

The finding of phosphocreatine in gametocyte infected erythrocytes and its
conversion to creatine with release of ATP during exflagellation indicated a
possible role for this metabolite in the development of gametes. FDNB (1-fluoro-
2,4-dinitrobenzene) is a membrane permeating reagent that forms a covalent
derivative with a single cysteine residue to inactivate ck (Mahowald, Noltmann
et al. 1962). As it is an amino and sulfhydryl group reagent (Sanger 1945) it has
the potential to react with many targets (Tombes and Shapiro 1985). However, it
has been shown that in specificity studies done in sea urchin sperm, ATPase and
Myokinase activity as well as sperm respiration, motility and fertilisation were
found to be totally resistant to FDNB even at concentrations of 20-50 uM while it
inhibited ck activity with an ICy value of around 10 pM (Tombes and Shapiro
1985). Also in a study done on rabbit ck isoforms, it was found that FDNB had
specific activity with an 1Cq value of 10 uM and when calculated, the IC5y values
for Cyt-ck and Mt-ck were found to be 101.8nM and 96.6nM respectively (Yang
and Dubick 1977). Therefore FDNB can be used to inhibit ck specifically below 1
MM range.

Standard in vitro inhibition tests against different P. berghei stages (Section
2.1.20) using FDNB showed that within the specificity range of under 1 pM,
schizogony and ookinete development are not affected but exflagellation (a

rapid process where post-activation, male gametocytes undergo three rounds of
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endomitosis and an axoneme assembly finally releasing eight microgametes in
just 10-12 minutes) is highly impaired with an 1C5p of 23.7 nm (Figure 6-8A).
Addition of exogenous ATP (100 nM) during incubation with the inhibitor before
activation and during activation rescued exflagellation (Figure 6-8B) induced by
the inhibitor. This suggested that ck mediated conversion of phosphocreatine to
ATP and creatine is necessary for complete exflagellation and male gamete
formation and a possible ATP transport mechanism between the host, the

parasite and the extra-cellular environment must play a role.
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Figure 6-8 Exflagellation inhibition and rescue. (A) FDNB inhibits exflagellation with an ICs

23.7nM. (B) Addition of exogenous ATP rescues exflagellation inhibition by FDNB). Error bars

indicate n=3 biological replicates.

Immunofluorescence staining was done using an anti-tubulin antibody to stain
the male gametocytes and gametes and anti-Ter119 antibody to stain the
erythrocyte surface to establish whether with ck inhibition, DNA replication
takes place in male gametocytes post-activation and whether gametes emerge
from the host erythrocyte. It showed that DNA replication is not affected by ck

inhibition but the gametes did not emerge (Figure 6-9).
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Figure 6-9 Immunoflorescence assay: ck inhibition during exflagellation. DIC (bright field),

8mins p.a.

20mins p.a.

anti-Ter119 (green) stains the erythrocyte surface, anti-tubulin (red) stains male
gametocytes and gametes, DAPI (blue) stains DNA. During exflagellation, DNA replication is
completed by eight minutes and gametes emerge from host cell between 12-20 minutes.
DAPI staining is not observed in 20mins p.a. no FDNB control because DNA is segregated into

eight individual slender gametes.

The ATP mediated rescue of exflagellation inhibition by FDNB lead to
investigation of ATP transport by the infected erythrocyte or parasite
membrane. ATP-ADP translocase (usually present in the inner mitochondrial
membrane) mediates ATP transport across the membrane. Bongrekic Acid (BA)
blocks the ATP-ADP translocase from the inner side of the membrane, while
Carboxyatractyloside (CA) blocks the ATP-ADP translocase from the outer side of
membrane (Kunji and Harding 2003). Neither BA nor CA affected the
exflagellation process. However when tested in the presence of FDNB and
exogenous ATP, adding CA reversed the exogenous ATP mediated rescue of FDNB

induced exflagellation inhibition while adding BA did nothing (Figure 6-10).
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Figure 6-10 Effect of ATP/ADP translocase inhibition. (A) Carboxyatractyloside (CA) doesn’t
affect the process of exflagellation but reversed the exogenous ATP mediated rescue of
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FDNB induced exflagellation inhibition. (B) Bongrekik Acid (BA) doesn’t affect the process of
exflagellation and could not reverse the exogenous ATP mediated rescue of FDNB induced

exflagellation inhibition. Error bars indicate n=3 biological replicates.

6.3 Discussion

The confirmed discovery of high levels of phosphocreatine in reticulocytes and
gametocytes when compared to schizonts was intriguing and pointed towards
storage in the host compartment. The absence of a ck homologue in Plasmodium
suggested that host ck may play a role in utilising the phosphagen system and
enzyme activity assays in uninfected and infected whole cells confirmed ck
activity although to a much lower level compared to muscle or brain tissue
where it is a major contributor in energy metabolism. Although it was
unexpected to find evidence of a phosphagen system in mammalian
erythrocytes, it has been reported before in red blood cells of rainbow trout
where significant ck activity was discovered, albeit at a lower level compared to
glycolytic and TCA cycle enzymes (Walsh, Wood et al. 1990). One important
similarity between trout erythrocytes (Tiano, Ballarini et al. 2000) and
reticulocytes (Gronowicz, Swift et al. 1984) is the existence of mitochondria
which are not present in mature normocytes and ck has two mitochondrial
isoforms (Ellington and Suzuki 2007) and it is possible that this is the site of
production of PCr in reticulocytes. ck is capable of phosphorylating creatine to
produce phosphocreatine for storing energy derived from the ATP produced by
the TCA cycle or oxidative phosphorylation. This Cr-PCr system has been shown
to facilitate cellular energy transport from the site of ATP production to the site
of ATP utilisation where ck can again release the phosphate group to transfer
energy to demanding processes (Greenhaff 2001). It has been shown in our data
in the previous section that reticulocytes are capable of both glycolysis and TCA
cycle metabolism; whether they are capable of utilising the phosphagen system

as well is unclear.

Inhibition of ck activity by FDNB only affected exflagellation and male gamete
formation in the parasite life cycle within the specificity range of under 1 pM the
inhibitor FDNB (although schizogony and ookinete development were inhibited if
FDNB was added at 10uM or more and off target effects cannot be ruled out).
There was no notable effect on the emergence of female gametes either.
Addition of exogenous ATP seemed to rescue exflagellation which was otherwise
found to be inhibited by the ck inhibitor. This suggested either that
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exflagellating cells need ATP beyond that which can be provided by
glycolysis/the TCA cycle or that compartmentalisation of energy generation
requires utilisation of host derived ATP for gamete emergence from the
erythrocyte and host phosphagen system fulfils this need. It also pointed towards
the existence of an ATP transporter in these cells. Experiments with CA showed
that an ATP/ADP translocator may exist on the parasite membrane and while an
adenylate translocase is present on the parasite mitochondrial membrane, its
existence on the parasite membrane has also been previously speculated (Hatin,
Jambou et al. 1992).

6.4 Conclusion

It was shown that gametocyte infected erythrocytes store phosphocreatine as a
rapid-release energy source allowing exflagellation of male gametes during the
mosquito stages. The high energy demanding process of exflagellation was shown
to depend on this phosphagen system and targeting the host ck enzyme could be
novel transmission blocking strategy as the parasite will not be able to develop
resistance against host interventions. Such inhibitors will have to be designed so
that they target only the infected host cells, possibly through the new
permeability pathways as ck is indeed an important enzyme for host physiology

in muscle and brain tissue.
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7 Summary
Metabolomics is a great tool for unravelling the biochemistry of biological

systems and in light of the presented data, it became clearer that it can reveal
new information about the system studied and add functional information to the
data obtained from other ‘omics’ technologies. One of the first challenges for us
was the identification and quantification of metabolites in our samples which
was done by existing software and data analysis platforms such as IDEOM (Creek,
Jankevics et al. 2012) and Agilent Chemstation. There is room for improvement
in terms of scale and user interface in these software and these technologies are

constantly improving, which will hopefully make future analyses easier.

To establish the metabolite to pathway to gene connection was the next step
which helped us focus on some very interesting aspects of host and parasite
metabolism leading to new hypotheses generation and experimental validation
using reverse genetics and/or reverse biochemistry experiments. One of the
most exciting findings was the discovery of unexpected and novel metabolic
pathways in the host reticulocytes and P. berghei gametocytes. The discovery of
GABA metabolism in P. berghei ookinetes was another unexpected discovery
which pointed towards the possibility of novel intervention strategies for

transmission blocking.

The metabolic profile of reticulocytes was found to be more complex than
normocytes and P. berghei parasites were shown to have overlapping
metabolism with their preferred host cell types. A similar comparison study is
being done with human reticulocytes and normocytes with our collaborators to
be able to draw more conclusions about the biochemistry of the host-parasite
interaction of the human reticulocyte preferring parasite P. vivax. However, the
current difficulties in sustained in vitro culturing, genetic modification and
phenotypic analyses of P. vivax parasites (Noulin, Borlon et al. 2013) are big
challenges. Use of erythroid progenitor stem cells to generate laboratory
adapted reticulocyte cultures which could be used for P. vivax propagation is
being explored to help this (Panichakul, Sattabongkot et al. 2007, Noulin, Borlon
et al. 2012). Nevertheless, it can still be concluded that because P. vivax
parasites reside in a metabolically rich host cell, the host metabolism needs to
be taken into consideration when designing new vaccines and drug targets. When

it comes to P. falciparum which invade both reticulocytes and normocytes, our
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data suggests that it is possible that targeting only parasite metabolism might
put a selection pressure on parasites with a preference for invading reticulocytes

and contribute to increased drug resistance.

The metabolic differences between the asexual and sexual stages of P. berghei
parasites emphasised on how the gametocyte prepares itself for the hostile
environment of the mosquito midgut at the metabolic level by possibly
employing the host phosphagen system. However, the localisation of the key
enzyme, creatine kinase, which facilitates this process, has proved elusive so far
in the infected erythrocyte and the potential for designing new antibodies to
localise it is being explored. The targeted metabolomics approach which was
used to establish carbon metabolism in different stages in the life cycle of P.
berghei surprisingly showed that GABA (y-Aminobutyric acid) may act as an

energy source during the ookinete stage and is being further investigated.

Summary
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8 Future work
Apart from the above mentioned work currently being carried out to further the

knowledge in studies described in the previous sections, other interesting leads
which were identified in section 4 but which could not be worked on completely
due to time constraints are listed below. These could form the basis for future

studies in Plasmodium metabolism.

8.1 Pantothenate metabolism

Pantothenate has been shown to be essential for P. falciparum blood stage
survival and is required for the synthesis of coenzyme A (CoA), an enzyme
cofactor involved in numerous metabolic reactions in the cell. Pantothenate is
converted to CoA via five universal enzyme-mediated steps and in the first step,
P. falciparum uses Pantothenate kinases (PanKs) to trap, phosphorylate and
commit pantothenate to CoA synthesis and accumulate it (Spry and Saliba 2009).
This however is not the case for many mammalian cells which can accumulate

pantothenate in its non-phosphorylated form (Spry, van Schalkwyk et al. 2010) .
There are two (PanKs) in Plasmodium and both are cytosolic.

1. PBANKA_102260 (P. falciparum homologue PF3D7_1420600)

2. PBANKA_061140 (P.falciparum homologue PF3D7_1437400)

By examining our metabolomics data (Table 5), it was found that the levels of a
putative metabolite (PM) annotated as pantothenate were up-regulated in
gametocytes when compared to schizonts by about 13 fold. However the levels
of a PM annotated as 4’-phosphopantothenate were found to be downregulated
in gametocytes by about 8 fold when compared to schizonts. Non-phosphorylated
pantothenate was not detected in uninfected reticulocytes or normocytes. 4’-
phosphopantothenate was detected in uninfected erythrocytes but their levels

were not different between reticulocytes and normocytes (Figure 8-1).
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Figure 8-1 Fold change of Pantothenate and Phosphopantothenate as observed in different
sample groups compared in the untargeted metabolomics study.

It was intriguing that gametocytes had more of the non-phosphorylated version
of pantothenate whereas schizonts had the phosphorylated version of
pantothenate. RNAseq data generated in our lab (unpublished, A. Religa
personal communication), showed that in P. berghei, expression levels of PanK
1 (PBANKA_102260) are low in all asexual stages but higher in gametocytes and
ookinetes. Expression levels of PanK 2 (PBANKA_061140) are low in the asexual
ring stage and gametocytes but higher in late trophozoite and schizonts and
highest in ookinetes. This implied that there could be an additional role of

pantothenate kinases in mosquito stage development.

Preliminary experiments revealed that both pantothenate kinases could be
readily deleted individually and a double knockout was also possible indicating
that this enzyme activity is not required for blood stage development (data not
shown). Gametocyte, gamete and ookinete production was similar to those
achieved by wild type parasites, however, there was a defect observed in
ookinete to oocyst transition resulting in a block in transmission in these mutant
parasites (data not shown- not enough biological replicates done yet). This
suggested that gametocytes could possibly phosphorylate pantothenate in
mosquito stages where they utilise the co-A biosynthetic pathway during
ookinete to oocyst transition. Phenotypic experiments with the double knock out

and a planned targeted metabolomics experiment could reveal the extent of

Future work
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dependence of gametocytes on pantothenate phosphorylation for mosquito
transmission. We have also explored the possibility using PanK inhibitors as a
malaria intervention strategy and are currently testing some of these inhibitors

against the wt and PanK mutant P. berghei parasites.

8.2 Carnitine derivatives

Carnitine is synthesised from lysine and methionine in mammals in a four step
pathway, the main enzymes for which are N-trimethyl-lysine dioxygenase
(TMLD), 3-hydroxy- N-trimethyl-lysine aldolase (HTMLA), 4-tri-
methylaminobutyraldehyde dehydrogenase (TMABA-DH) and y-butyrobetaine
dioxygenase (BBD) (Vaz and Wanders 2002). The homologues of carnitine
biosynthesis enzymes are not encoded by Plasmodium genome (Gardner, Hall et
al. 2002). Carnitine helps in transport of fatty acids from the cytosol into the
mitochondria during the breakdown of lipids for the generation of metabolic
energy by their beta oxidation (Steiber, Kerner et al. 2004). Elevated levels of
acyl-carnitine derivatives were detected in reticulocytes when compared to
normocytes (Table 2) and in P. berghei gametocytes when they were compared
to P. berghei schizonts (Table 5) in the untargeted metabolomics study. As there
are no obvious homologues of enzymes that facilitate the transfer of these acyl-
carnitine derivatives across the Plasmodium mitochondrial membrane (Carnitine
palmitoyl transferases and translocases) or those which take part in B-oxidation
in Plasmodium (Gardner, Hall et al. 2002), it is possible that, like
phosphocreatine, these carnitine derivatives are host (reticulocyte) derived and
are stored in gametocytes but not in schizonts. It is therefore likely that
gametocytes may utilise these carnitine conjugated acyl moieties in the
mosquito stages where serum fatty acids are limiting to make or extend fatty

acids.

If the gametocytes are able to internalise these metabolites and carry them
forward to the ookinete-oocyst stage, this could provide the answer to the long
standing question of the source of fatty acid synthesis in P. berghei oocysts. In a
newly formed oocyst on a mosquito basal lamina, after a growth phase, asexual
mitotic replication results in the formation of a mature oocyst that contains
thousands of daughter cells (sporozoites). The oocysts increase in size from 2-3
pgm in diameter to about 40 pm within 10-13 days. All of the daughter cells need

new membranes and hence, fatty acids. The FASIl pathway is dispensable for

Future work
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blood stage schizogony as fatty acids can be scavenged from host serum which is
rich in these lipids (Vaughan, O'Neill et al. 2009) but not for liver stage
schizogony - comparable to oocyst sporogony where again it is dispensable. This
is not true for P. falciparum where FASII is essential for oocyst development (van
Schaijk, Kumar et al. 2013), but as P. falciparum is not a reticulocyte preferring
parasite, it probably does not have access to the acyl-carnitine derivatives seen

in our P. berghei data.

Antibodies against specific acyl carnitine conjugates could be used to check for
localisation in gametocytes, ookinetes and oocysts. Another way to test this
hypothesis (although more difficult) would be to try labelling carnitines in the
host animal by feeding heavy labelled methionine and lysine and infecting them
with P. berghei, then doing a targeted metabolomics experiment with
gametocyte and ookinete stages. It would still be very challenging to do any
metabolomics studies on oocysts, due to logistical reasons and difficulty in

getting enough material from mosquito dissections.

8.3 Plasmodium specific metabolic pathways

A number of metabolites which were specific to P. berghei schizont and
gametocyte stage and absent or reduced in uninfected erythrocytes
(reticulocytes) were observed in the untargeted metabolomics data (Table 3 and
Table 4). Most notable of these were fatty acids and their derivatives specific to
the parasite, metabolites of arginine and proline metabolism, folate biosynthesis
and energy metabolism. Of these, the metabolites implicated in energy
metabolism were studied in great detail using targeted metabolomics and the
data is described in section 5 above. All the metabolites which were putatively
identified were previously known and no novel drug targets could be highlighted
from this comparison. However, it is possible to go back to the raw MS data and
look for metabolite peaks which were detected specifically in parasite samples
but could not be identified. If such peaks could be identified and charted on to a
metabolic pathway, there is a potential for finding new metabolic pathway(s)

specific to the parasite.

This should however be done with caution as focussing on the parasite alone can
lead to development of resistance and loss of efficacy of the potential inhibitor

as from our data it is evident that host cell metabolism is of utmost importance.

Future work
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9 Appendix
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Figure 9-1 Volcano plot showing the distribution of abundance of all 4560 peaks detected in
uninfected reticulocyte enriched erythrocytes as compared to uninfected normocyte
enriched erythrocytes in rodent blood. All significant changes are represented above the
broken horizontal line. Coloured dots indicate metabolites which are: Blue- significantly up-
regulated, Red- significantly down-regulated, Yellow- significant but little change, Brown-
non-significant.
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Figure 9-2 Volcano plot showing the distribution of abundance of all ~5000 peaks detected in
P. berghei schizonts as compared to uninfected reticulocyte enriched erythrocytes. All
significant changes are represented above the broken horizontal line. Coloured dots indicate
metabolites which are: Blue- significantly up-regulated, Red- significantly down-regulated,
Yellow- significant but little change, Brown- non-significant.
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Figure 9-3 Volcano plot showing the distribution of abundance of all ~5000 peaks detected in
P. berghei gametocytes as compared to uninfected reticulocyte enriched erythrocytes. All
significant changes are represented above the broken horizontal line. Coloured dots indicate
metabolites which are: Blue- significantly up-regulated, Red- significantly down-regulated,
Yellow- significant but little change, Brown- non-significant.
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Figure 9-4 Volcano plot showing the distribution of abundance of all ~5000 peaks detected in
P. berghei gametocytes as compared to P. berghei schizonts. All significant changes are
represented above the broken horizontal line. Coloured dots indicate metabolites which are:
Blue- significantly up-regulated, Red- significantly down-regulated, Yellow- significant but
little change, Brown- non-significant.
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Figure 9-5 Phylogenetic analyse of key metabolic enzymes in Plasmodium spp. Pb- P.
berghei, Pc- P.chabaudi, Pf- P. falciparum, Pv- P. vivax. See Table 7 for the complete list of

metabolic enzymes used in these analyses.
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Figure 9-6 (A) Schematic representation of gene deletion strategy for aconitase
(PBANKA_135520) in P. berghei parasites. (B) Gel electrophoresis of indicated PCR products
to confirm integration of selection cassette, disruption of genes and clonality of mutant
parasites. G882 was made in a wt parent line which expresses GFP in male gametocytes
under the dynein heavy chain promoter and RFP in female gametocytes under the LCCL
domain-containing protein CCP2 promoter (RMgm-164). G886 was made in a wt parent line
expressing GFP constitutively under the eefia promoter (RMgm-7). The presence of orf in
both transfectants populations shows that the line is uncloned. Cloning and subsequent
phenotypic characterisation of aconitase” P. berghei parasites is underway.
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Figure 3-2 showing fold change in abundance in uninfected reticulocyte enriched
erythrocytes compared to normocyte enriched erythrocytes. Column 4 shows fold change
corrected for the presence of 65% normocytes in uninfected reticulocyte enriched
erythrocyte extracts. PMs are listed in order of decreasing abundance (metabolites identified
with authentic standards are highlighted bold)

No. Metabolite Fold Fold change P-value Platform
change | (corrected for
presence of 65%
normocytes)
1 Citric acid >25 fold | >25 fold 9.65E-07 | GC-MS
2 UMP >25 fold | >25 fold 1.03E-02 | GC-MS
3 Nonanoylcarnitine >25 fold | >25 fold 8.40E-06 LC-MS
4 S-Methyl-L-methionine >25 fold | >25 fold 1.01E-05 LC-MS
5 Ala-Val-Pro-Ser >25 fold | >25 fold 1.64E-06 | LC-MS
6 Dihydrobiopterin >25 fold | >25 fold 9.59E-05 LC-MS
7 N-Acetyl-aspartyl-glutamate >25 fold | >25 fold 3.80E-11 LC-MS
8 2-Amino-4-hydroxy-6- >25 fold | >25 fold 3.98E-06 LC-MS
hydroxymethyl-7,8-dihydropteridine
9 Aspartyl-L-proline >25 fold | >25 fold 4.06E-05 LC-MS
10 sn-glycero-3-Phospho-1-inositol >25 fold | >25 fold 2.48E-06 LC-MS
11 L-Aspartate >25 fold | >25 fold 1.08E-05 LC-MS
12 Dodecanoylcarnitine 23.92 >25 fold 6.91E-06 LC-MS
13 CDP-choline 22.04 >25 fold 3.28E-04 | LC-MS
14 UDP-N-acetyl-D-glucosamine 21.79 >25 fold 2.95E-08 LC-MS
15 O-Propanoylcarnitine 18.66 >25 fold 3.14E-06 LC-MS
16 Glycerophosphoglycerol 18.45 >25 fold 9.04E-05 LC-MS
17 L-Carnitine 17.81 >25 fold 3.18E-06 LC-MS
18 L-Octanoylcarnitine 17.47 >25 fold 5.88E-07 LC-MS
19 Glu-Asp 16.92 >25 fold 9.51E-07 | LC-MS
20 N6-Acetyl-N6-hydroxy-L-lysine 15.71 >25 fold 2.71E-04 LC-MS
21 Orotate 15.68 >25 fold 1.00E-07 | LC-MS
22 dCMP-ethanolamine 14.45 >25 fold 5.94E-06 LC-MS
23 Tetradecanoylcarnitine 13.99 >25 fold 4.84E-06 LC-MS
24 Sedoheptulose 13.30 >25 fold 1.02E-06 | LC-MS
25 Gamma Glutamyl-glutamic acid 13.10 >25 fold 1.13E-04 LC-MS
26 Creatinine phosphate 12.79 >25 fold 3.60E-03 LC-MS
27 Phosphocreatine 12.32 24.64 4.50E-03 LC-MS
28 [GP (16:0)] 1-hexadecanoyl-2-sn- 10.43 20.86 1.81E-06 LC-MS
glycero-3-phosphate
29 Glu-Pro 10.31 20.62 7.35E-05 LC-MS
30 L-Tyrosine methyl ester 10.15 20.3 2.82E-07 | LC-MS
31 CDP-ethanolamine 10.03 20.06 3.21E-05 LC-MS
32 Ala-Asp-Asp 9.86 19.72 3.46E-06 | LC-MS
33 dTTP 9.84 19.68 5.15E-07 | LC-MS
34 CMP 9.75 19.5 7.49E-06 | LC-MS
35 Prenyl-L-cysteine 9.73 19.46 5.95E-05 LC-MS
36 N2-Succinyl-L-ornithine 9.68 19.36 3.84E-07 | LC-MS
37 N-(3S-hydroxydecanoyl)-L-serine 9.63 19.26 4.14E-05 LC-MS
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38 Met-Thr-Asp 8.97 17.94 1.15E-05 LC-MS
39 Malate 8.55 17.1 2.82E-05 LC-MS
40 Ala-Ser-Tyr 8.46 16.92 5.50E-04 | LC-MS
41 2,3,4,5-Tetrahydrodipicolinate 8.05 16.1 6.81E-05 LC-MS
42 IMP 7.75 15.5 5.83E-07 | LC-MS
43 Ala-Cys 7.53 15.06 5.07E-06 | LC-MS
44 Xanthine 7.36 14.72 1.10E-08 | LC-MS
45 Ribulose-5-phosphate 7.33 14.66 7.69E-03 GC-MS
46 Acetylcholine 7.19 14.38 6.92E-06 | LC-MS
47 Choline phosphate 7.10 14.2 1.59E-04 LC-MS
48 Glu-Gly 6.92 13.84 7.27E-06 | LC-MS
49 Fumarate 6.90 13.8 1.03E-04 LC-MS
50 O-Butanoylcarnitine 6.84 13.68 2.96E-10 LC-MS
51 N-Acetyl-D-mannosamine 6.80 13.6 9.13E-07 | LC-MS
52 N-Carbamoyl-L-aspartate 6.78 13.56 1.94E-05 LC-MS
53 Dihydroorotate 6.76 13.52 1.82E-06 | LC-MS
54 Spermidine 6.71 13.42 2.74E-10 LC-MS
55 allylcysteine 6.42 12.84 6.51E-07 | LC-MS
56 Glycine 6.41 12.82 1.50E-05 LC-MS
57 Thiomorpholine 3-carboxylate 6.35 12.7 5.69E-06 LC-MS
58 1-methylguanosine 6.11 12.22 1.89E-08 LC-MS
59 Gly-Pro 6.06 12.12 1.32E-07 | LC-MS
60 Glu-Leu 5.95 11.9 1.50E-04 | LC-MS
61 Leu-Thr 5.86 11.72 2.49E-05 LC-MS
62 Thr-Ala 5.85 11.7 1.05E-04 | LC-MS
63 gamma-L-Glutamyl-L-cysteine 5.77 11.54 1.66E-06 LC-MS
64 1-Methyladenosine 5.69 11.38 9.08E-08 LC-MS
65 3-Hydroxy-N6,N6,N6-trimethyl-L- 5.60 11.2 1.67E-02 | LC-MS
lysine
66 0O-hexanoyl-R-carnitine 5.54 11.08 5.41E-04 LC-MS
67 0O-decanoyl-R-carnitine 5.35 10.7 5.33E-06 LC-MS
68 Malonylcarnitine 5.34 10.68 3.57E-04 LC-MS
69 D-Ribose 5-phosphate 5.29 10.58 3.61E-11 LC-MS
70 glucosamine-1,6-diphosphate 5.28 10.56 2.45E-11 LC-MS
71 N2-Acetyl-L-aminoadipate 5.24 10.48 1.24E-04 | LC-MS
72 Leu-Pro 5.13 10.26 2.77E-06 | LC-MS
73 2-Hydroxyadenine 5.02 10.04 1.52E-06 | LC-MS
74 NG,NG-Dimethyl-L-arginine 4.99 9.98 2.55E-03 LC-MS
75 Fructoselysine 6-phosphate 4.95 9.9 2.90E-10 LC-MS
76 D-Gluconic acid 4.95 9.9 1.05E-04 | LC-MS
77 D-Xylulose 4.77 9.54 1.06E-06 | LC-MS
78 S-Methyl glutathione 4.72 9.44 1.54E-05 LC-MS
79 sn-Glycerol 3-phosphate 4.67 9.34 4.01E-11 LC-MS
80 Pseudouridine 4.64 9.28 3.97E-07 LC-MS
81 Succinate 4.41 8.82 2.10E-03 LC-MS
82 Cytidine 4.38 8.76 1.22E-03 LC-MS
83 Monomethyl-arginine 4.32 8.64 5.82E-03 LC-MS
84 Gamma-Aminobutyryl-lysine 4.30 8.6 1.56E-07 | LC-MS
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85 5-Methylcytidine 4.27 8.54 4.33E-09 | LC-MS
86 Glu-Val 4.25 8.5 7.05E-05 LC-MS
87 Ala-Pro 4.22 8.44 5.39E-08 | LC-MS
88 Pro-Pro 4.10 8.2 2.73E-06 | LC-MS
89 [PC (16:0)] 1-hexadecanoyl-sn- 4.10 8.2 1.07E-04 LC-MS
glycero-3-phosphocholine
90 -Hydroxy-eicosatetraenoic acid 4.10 8.2 2.54E-03 LC-MS
91 Xanthosine 4.05 8.1 8.44E-09 | LC-MS
92 N-Acetyl-D-glucosamine 6-sulfate 4.00 8 1.12E-07 LC-MS
93 N-Acetyl-L-aspartate 3.91 7.82 4.80E-07 | LC-MS
94 Uridine 3.63 7.26 8.83E-07 | LC-MS
95 3',5'-Cyclic AMP 3.59 7.18 2.75E-05 LC-MS
96 N1-Acetylspermidine 3.44 6.88 1.54E-05 | LC-MS
97 Glu-Ser 3.37 6.74 1.74E-05 LC-MS
98 N-Acetylneuraminate 3.33 6.66 4.47E-05 | LC-MS
99 N-Acetyl-L-glutamate 5- 3.28 6.56 5.02E-06 | LC-MS
semialdehyde
100 | Val-vVal 3.25 6.5 7.95E-07 | LC-MS
101 Asp-Asp 3.07 6.14 4.30E-10 | LC-MS
102 Erythrulose 1-phosphate 3.03 6.06 3.51E-05 LC-MS
103 | Glu-Cys-Gln-Gln 3.01 6.02 9.51E-06 | LC-MS
104 | Choline 3.01 6.02 4.04E-05 LC-MS
105 N-Acetylserotonin 3.00 6 2.80E-05 LC-MS
106 | Ala-Leu-Lys-Pro 2.99 5.98 1.31E-02 | LC-MS
107 (1-Ribosylimidazole)-4-acetate 2.97 5.94 4.71E-08 LC-MS
108 | O-Acetyl-L-homoserine 2.94 5.88 4.52E-04 | LC-MS
109 1-Methylnicotinamide 2.93 5.86 4.96E-04 | LC-MS
110 D-myo-Inositol 1,2-cyclic phosphate | 2.92 5.84 7.41E-05 LC-MS
111 2-Carboxy-D-arabinitol 1-phosphate | 2.91 5.82 2.91E-06 LC-MS
112 | Glu-Thr 2.88 5.76 7.89E-05 LC-MS
113 D-Erythrose 4-phosphate 2.86 5.72 5.47E-10 LC-MS
114 | Ala-Asp-Cys 2.82 5.64 3.04E-07 | LC-MS
115 N3-(4-methoxyfumaroyl)-L-2,3- 2.78 5.56 2.32E-06 LC-MS
diaminopropanoate
116 Ethanolamine phosphate 2.74 5.48 2.44E-03 LC-MS
117 | Taurine 2.71 5.42 1.13E-03 LC-MS
118 Taurocyamine 2.70 5.4 2.20E-04 LC-MS
119 N-(L-Arginino)succinate 2.64 5.28 5.09E-05 LC-MS
120 | L-Arginine 2.62 5.24 5.82E-06 | LC-MS
121 D-Glucose 6-phosphate 2.61 5.22 9.22E-05 LC-MS
122 [SP] 3-dehydrosphinganine 2.60 5.2 8.90E-05 LC-MS
123 [SP] Sphing-4-enine-1-phosphate 2.59 5.18 2.21E-10 LC-MS
124 CMP-N-acetylneuraminate 2.53 5.06 1.72E-05 LC-MS
125 N2-(D-1-Carboxyethyl)-L-lysine 2.53 5.06 1.59E-03 LC-MS
126 | Acetyl phosphate 2.51 5.02 1.02E-05 LC-MS
127 | Hexose-phosphate 2.47 4.94 1.08E-04 | LC-MS
128 Leucyl-leucine 2.46 4.92 4.24E-05 LC-MS
129 N-(octanoyl)-L-homoserine 2.46 4.92 2.88E-07 LC-MS
130 | Putrescine 2.44 4.88 1.47E-06 | LC-MS

Appendix (Table 2)




182

131 AMP 2.44 4.88 6.68E-03 LC-MS
132 3-sulfopropanoate 2.42 4.84 8.40E-04 | LC-MS
133 Leu-Val 2.39 4.78 4.89E-06 | LC-MS
134 | D-Methionine 2.35 4.7 9.33E-04 | LC-MS
135 | Ala-ala 2.31 4.62 3.03E-02 | LC-MS
136 | Hypoxanthine 2.29 4.58 4.84E-02 | LC-MS
137 | N5-Ethyl-L-glutamine 2.29 4.58 1.86E-02 | LC-MS
138 N-Acetylglutamine 2.28 4.56 4.27E-05 LC-MS
139 L-Glutamate 2.22 4.44 1.01E-04 | LC-MS
140 | L-Ornithine 2.22 4.44 2.29E-02 | LC-MS
141 Phe-Pro 2.20 4.4 1.27E-04 | LC-MS
142 DL-Glyceraldehyde 3-phosphate 2.20 4.4 1.46E-08 LC-MS
143 L-Cystathionine 2.15 4.3 1.28E-02 LC-MS
144 | Cys-Gly 2.12 4.24 1.98E-03 LC-MS
145 N-acetyl-(L)-arginine 2.09 4.18 1.33E-04 LC-MS
146 N-Acetyl-D-fucosamine 2.03 4.06 8.88E-04 | LC-MS
147 | Aminopropylcadaverine 2.01 4.02 6.77E-07 LC-MS
148 | Glutathione disulfide 1.99 3.98 1.34E-05 LC-MS
149 L-2-Aminoadipate 1.94 3.88 1.42E-04 | LC-MS
150 (R)-S-Lactoylglutathione 1.93 3.86 9.10E-03 LC-MS
151 pyrophosphate 1.91 3.82 3.05E-03 LC-MS
152 2-Hydroxyethanesulfonate 1.90 3.8 2.44E-03 LC-MS
153 L-Asparagine 1.90 3.8 8.75E-05 LC-MS
154 | GMP 1.88 3.76 1.68E-06 | LC-MS
155 | Oleic acid 1.84 3.68 3.57E-01 GC-MS
156 | beta-Alanine 1.84 3.68 4.79E-03 LC-MS
157 | Guanine 1.83 3.66 2.80E-06 | LC-MS
158 | NAD+ 1.82 3.64 2.96E-04 | LC-MS
159 3-0x0-55-amino-hexanoic acid 1.81 3.62 1.61E-03 LC-MS
160 | Sucrose 1.80 3.6 1.00E-02 | LC-MS
161 N2-(D-1-Carboxyethyl)-L-arginine 1.80 3.6 1.50E-02 LC-MS
162 succinamate 1.79 3.58 9.81E-04 LC-MS
163 Fructose 1.79 3.58 1.83E-03 | GC-MS
164 | Xanthosine 5'-phosphate 1.77 3.54 1.72E-02 LC-MS
165 N6-Methyl-L-lysine 1.75 3.5 2.56E-03 LC-MS
166 [FA trihydroxy(4:0)] 2,3,4- 1.75 3.5 5.00E-02 | LC-MS
trihydroxy-butanoic acid
167 | Guanosine 1.72 3.44 4.32E-04 | LC-MS
168 | S-Adenosyl-L-methionine 1.72 3.44 4.04E-05 LC-MS
169 | Asp-Gly 1.68 3.36 4.82E-04 | LC-MS
170 | Mannose 1.67 3.34 7.36E-03 | GC-MS
171 LysoPC(17:0) 1.66 3.32 1.60E-02 | LC-MS
172 1-Oleoylglycerophosphocholine 1.65 3.3 2.65E-02 LC-MS
173 | Glycyl-leucine 1.63 3.26 6.03E-05 LC-MS
174 | L-Tryptophan 1.62 3.24 3.93E-03 LC-MS
175 D-Fructose 1,6-bisphosphate 1.61 3.22 5.77E-05 LC-MS
176 | Glu-Met 1.60 3.2 6.79E-03 LC-MS
177 | L-Tyrosine 1.60 3.2 2.25E-02 | LC-MS
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178 | Adenosine 1.59 3.18 2.09E-03 LC-MS
179 Glucopyranose 1.59 3.18 2.94E-01 LC-MS
180 2,7-Anhydro-alpha-N- 1.58 3.16 9.48E-04 LC-MS
acetylneuraminic acid
181 S-glutathionyl-L-cysteine 1.57 3.14 3.31E-01 LC-MS
182 | Trehalose 1.55 3.1 6.67E-02 | GC-MS
183 | Glu-Glu-Met 1.55 3.1 1.02E-02 | LC-MS
184 | palmitic acid 1.55 3.1 3.72E-01 LC-MS
185 3-Hydroxy-L-kynurenine 1.54 3.08 2.01E-02 LC-MS
186 | talose 1.53 3.06 1.23E-01 LC-MS
187 | Allantoin 1.53 3.06 7.03E-03 LC-MS
188 [PC (18:0)] 1-octadecanoyl-sn- 1.53 3.06 5.89E-02 LC-MS
glycero-3-phosphocholine
189 Inosine 1.53 3.06 1.45E-01 LC-MS
190 | Hypotaurine 1.52 3.04 7.01E-03 LC-MS
191 N-Methylnicotinate 1.52 3.04 7.37E-02 LC-MS
192 L-Glutamate 5-semialdehyde 1.51 3.02 7.86E-04 LC-MS
193 Hexadecasphinganine 1.47 2.94 4.54E-02 LC-MS
194 | 5'-Methylthioadenosine 1.46 2.92 1.83E-01 LC-MS
195 N-methyl glucamine 1.46 2.92 1.63E-01 LC-MS
196 (R)-2-Hydroxyglutarate 1.45 2.9 4.72E-02 LC-MS
197 | Deoxyadenosine 1.44 2.88 1.83E-01 LC-MS
198 L-pyroglutamic acid 1.44 2.88 8.91E-02 GC-MS
199 L-Proline 1.42 2.84 4.43E-02 | LC-MS
200 | L-Cystine 1.42 2.84 4.56E-01 LC-MS
201 [PC (18:2)] 1-octadecadienoyl-sn- 1.41 2.82 6.86E-02 LC-MS
glycero-3-phosphocholine
202 | Thr-Asp-Ser 1.40 2.8 6.09E-03 LC-MS
203 L-Phenylalanine 1.40 2.8 2.19E-02 | LC-MS
204 | Mannitol 1.39 2.78 3.58E-01 GC-MS
205 Phosphoribosyl-AMP 1.39 2.78 9.82E-02 | LC-MS
206 | L-Lysine 1.38 2.76 1.62E-02 | LC-MS
207 | L-Kynurenine 1.38 2.76 5.58E-02 LC-MS
208 | Trimethylamine N-oxide 1.36 2.72 2.34E-03 LC-MS
209 | Malonate 1.36 2.72 1.18E-01 LC-MS
210 | Ala-Asp-Ser 1.36 2.72 9.62E-02 | LC-MS
211 Adenine 1.35 2.7 2.24E-01 LC-MS
212 | 2-Naphthylamine 1.35 2.7 4.76E-02 LC-MS
213 Methyloxaloacetate 1.34 2.68 1.31E-02 LC-MS
214 L-Methionine S-oxide 1.34 2.68 1.21E-03 LC-MS
215 (S)-Methylmalonate semialdehyde 1.34 2.68 2.26E-02 LC-MS
216 | Asp-Ser-Ser 1.34 2.68 2.95E-01 LC-MS
217 | Mannonic acid 1.34 2.68 8.58E-02 LC-MS
218 | N6,N6,N6-Trimethyl-L-lysine 1.32 2.64 1.66E-01 LC-MS
219 Uracil 1.32 2.64 3.34E-04 | LC-MS
220 D-Galactofuranose 1.31 2.62 8.79E-02 LC-MS
221 n-Pentadecanoic acid 1.31 2.62 9.48E-02 LC-MS
222 L-cysteine sulfinate 1.31 2.62 1.16E-01 LC-MS
223 O-Palmitoyl-R-carnitine 1.30 2.6 1.69E-01 LC-MS
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224 | Creatine 1.30 2.6 8.74E-02 LC-MS
225 L-Threonine 1.30 2.6 1.43E-02 | LC-MS
226 | Xylitol 1.30 2.6 1.91E-03 LC-MS
227 | Glu-Met-Thr 1.26 2.52 2.80E-01 LC-MS
228 tetracosahexaenoic acid 1.22 2.44 1.62E-01 LC-MS
229 | Methylmalonate 1.21 2.42 1.00E-01 LC-MS
230 | alpha-ketoglutaric acid 1.20 2.4 2.01E-01 GC-MS
231 L-Glutamine 1.20 2.4 8.17E-02 | LC-MS
232 | Tyramine 1.19 2.38 2.40E-01 LC-MS
233 N-Methylethanolamine phosphate 1.18 2.36 4.96E-01 LC-MS
234 | L-Alanine 1.17 2.34 2.07E-01 LC-MS
235 Arg-Gln-Ser-Ser 1.17 2.34 4.77E-01 LC-MS
236 L-1-Pyrroline-3-hydroxy-5- 1.16 2.32 8.01E-02 LC-MS
carboxylate
237 Creatinine 1.15 2.3 2.32E-01 LC-MS
238 | Maltose 1.13 2.26 4.76E-01 LC-MS
239 3-Oxopropanoate 1.12 2.24 1.02E-01 LC-MS
240 L-serine 1.11 2.22 1.58E-01 LC-MS
241 5-6-Dihydrouridine 1.11 2.22 2.74E-01 LC-MS
242 Ethyl (R)-3-hydroxyhexanoate 1.10 2.2 4.66E-01 LC-MS
243 Cortisone 1.10 2.2 7.89E-01 GC-MS
244 | D-glucose 1.10 2.2 3.26E-01 LC-MS
245 | Methylimidazoleacetic acid 1.10 2.2 3.58E-01 LC-MS
246 Phenylacetylglycine 1.10 2.2 5.97E-01 LC-MS
247 | D-Galactose 1.09 2.18 6.83E-01 LC-MS
248 3-Phosphoglycerate 1.09 2.18 4.29E-01 LC-MS
249 Propanoic acid 1.08 2.16 5.91E-01 LC-MS
250 Sulfoacetaldehyde 1.08 2.16 6.24E-01 LC-MS
251 Homocysteine 1.08 2.16 7.51E-01 LC-MS
252 | Orthophosphate 1.06 2.12 8.22E-01 LC-MS
253 10-Hydroxydecanoic acid 1.05 2.1 4.54E-01 LC-MS
254 | Glycodeoxycholate 1.05 2.1 7.75E-01 LC-MS
255 Dodecatetraenedioic acid 1.05 2.1 6.00E-01 LC-MS
256 2-C-Methyl-D-erythritol 4-phosphate | 1.04 2.08 9.17E-01 LC-MS
257 | Cys-Cys-His-His 1.04 2.08 7.96E-01 LC-MS
258 phosphoenolpyruvic acid 1.03 2.06 8.48E-01 LC-MS
259 5-Hydroxyindoleacetate 1.02 2.04 8.26E-01 LC-MS
260 | Phe-Asp 1.01 2.02 9.49E-01 LC-MS
261 phosphoric acid 1.01 2.02 9.57E-01 LC-MS
262 N-Acetyl-D-glucosamine 6-phosphate | 1.00 2 9.84E-01 LC-MS
263 | Glu-Leu-Thr-His -1.01 -2.02 9.61E-01 LC-MS
264 His-Phe-Val-Pro -1.01 -2.02 9.66E-01 LC-MS
265 Phenylpyruvate -1.02 -2.04 8.64E-01 LC-MS
266 hydroxy-octadecadienoic acid -1.03 -2.06 8.40E-01 LC-MS
267 L-Noradrenaline -1.03 -2.06 8.39E-01 LC-MS
268 di-n-Undecylamine -1.03 -2.06 9.42E-01 LC-MS
269 Fructoselysine -1.04 -2.08 6.75E-01 LC-MS
270 | Acetamide, N,N-diethyl- -1.05 -2.1 3.12E-01 GC-MS
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271 3-Butenoic acid -1.05 -2.1 1.99E-01 LC-MS
272 glycolic acid -1.05 -2.1 3.77E-01 LC-MS
273 Myo-inositol-3-phosphate -1.05 -2.1 8.44E-01 GC-MS
274 | Erucic acid -1.06 -2.12 7.49E-01 GC-MS
275 5-Hydroxypentanoate -1.07 -2.14 4.88E-01 LC-MS
276 [FA (20:4)] 52,8Z,11Z,14Z- -1.07 -2.14 6.04E-01 LC-MS
eicosatetraenoic acid
277 | Cholest-2-eno[2,3-b]indole, 1'- -1.08 -2.16 5.28E-01 GC-MS
acetyl-6'-methoxy-
278 | N3-methylcytosine -1.08 -2.16 6.50E-01 LC-MS
279 D-Threose -1.08 -2.16 4.19E-01 LC-MS
280 | 4-Methylene-L-glutamine -1.09 -2.18 6.82E-01 LC-MS
281 2-Phenylacetamide -1.09 -2.18 5.21E-01 LC-MS
282 Pyruvate -1.09 -2.18 1.13E-03 | GC-MS
283 Heptanedioic acid -1.10 -2.2 4.02E-01 LC-MS
284 methyl-dihydroxy-pentanoic acid -1.12 -2.24 3.39E-01 LC-MS
285 dioxo-octanoic acid -1.13 -2.26 3.67E-01 LC-MS
286 amino-undecanoic acid -1.14 -2.28 3.49E-01 LC-MS
287 | L-Citrulline -1.17 -2.34 5.76E-01 LC-MS
288 sn-glycero-3-Phosphocholine -1.17 -2.34 7.07E-01 LC-MS
289 Methanesulfonic acid -1.18 -2.36 5.11E-01 LC-MS
290 | Tetradecanedioic acid -1.18 -2.36 3.52E-01 LC-MS
291 P-DPD -1.18 -2.36 2.76E-01 LC-MS
292 Phthalic acid -1.19 -2.38 6.18E-03 LC-MS
293 4-Acetamidobutanoate -1.19 -2.38 1.49E-01 LC-MS
294 | myo-Inositol -1.20 -2.4 4.94E-01 LC-MS
295 Cyclododecane -1.20 -2.4 3.07E-02 | GC-MS
296 Gamma-Glutamylglutamine -1.21 -2.42 1.26E-01 LC-MS
297 | N4-acetyl-N4-hydroxy-1- -1.22 -2.44 4.86E-01 LC-MS
aminopropane
298 5-0x0-7-octenoic acid -1.22 -2.44 1.24E-01 LC-MS
299 | 2-Acetolactate -1.24 -2.48 3.78E-01 LC-MS
300 Urea -1.26 -2.52 4.61E-01 GC-MS
301 Elaidiccarnitine -1.26 -2.52 2.77E-01 LC-MS
302 d-Xylose -1.27 -2.54 4.61E-01 LC-MS
303 D-Glycerate -1.28 -2.56 9.06E-02 LC-MS
304 | Lactate -1.29 -2.58 2.85E-01 LC-MS
305 2-acetamidoglucal -1.30 -2.6 7.17E-03 LC-MS
306 Heme -1.32 -2.64 3.71E-01 LC-MS
307 D-4'-Phosphopantothenate -1.35 2.7 5.89E-02 LC-MS
308 | Glycerol -1.39 -2.78 1.43E-03 LC-MS
309 | Met-Ala-Gly -1.40 -2.8 6.53E-02 LC-MS
310 Urate -1.41 -2.82 1.34E-01 LC-MS
311 Stearic acid -1.44 -2.88 8.78E-02 | GC-MS
312 4-Guanidinobutanoate -1.44 -2.88 3.24E-03 LC-MS
313 Deoxycytidine -1.47 -2.94 1.75E-01 LC-MS
314 | 2-monooleoylglycerol -1.53 -3.06 1.16E-02 LC-MS
315 6-[3]-ladderane-1-hexanol -1.56 -3.12 9.22E-02 LC-MS
316 | 4-Hydroxy-L-threonine -1.59 -3.18 1.30E-05 LC-MS
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317 | Val-Asp-Gly -1.60 -3.2 1.09E-04 | LC-MS
318 | Ala-Ser -1.64 -3.28 3.31E-04 | LC-MS
319 Heptadecanoic acid -1.64 -3.28 4.55E-02 GC-MS
320 | Leu-Ala -1.76 -3.52 1.04E-04 | LC-MS
321 9,12-octadecadienal -1.79 -3.58 1.70E-01 LC-MS
322 | Thr-Ala-Asp -1.80 -3.6 9.52E-05 LC-MS
323 N-Acetyl-D-glucosaminate -1.94 -3.88 1.55E-05 LC-MS
324 | D-Sorbitol -2.11 -4.22 8.20E-09 | LC-MS
325 L-Histidine -2.40 -4.8 2.99E-08 | LC-MS
326 N-Ribosylnicotinamide -2.42 -4.84 1.97E-03 LC-MS
327 | octadecenamide -2.76 -5.52 1.60E-01 LC-MS
328 | Valine -2.85 -5.7 2.69E-03 | GC-MS
329 | Cellobiose -2.95 -5.9 9.12E-02 | GC-MS
330 N5-(L-1-Carboxyethyl)-L-ornithine -3.10 -6.2 1.01E-08 LC-MS
331 Hexose phosphate -3.55 -7.1 5.65E-10 LC-MS
332 3-beta-D-Galactosyl-sn-glycerol -5.38 -10.76 1.68E-06 LC-MS
333 Leu-Lys-Asp -5.64 -11.28 1.04E-08 LC-MS
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Table 3 Putative metabolites (PMs) represented in

Figure 4-1 showing fold change in abundance in mature schizonts compared to uninfected
reticulocyte enriched erythrocytes. PMs are listed in order of decreasing abundance
(metabolites identified with authentic standards are highlighted bold)

No. | Metabolites Fold change P-Value Platform
(Schizonts/
reticulocytes)
1 Arg-Cys-Ser-Tyr > 25 fold 4.76E-03 LC-MS
2 N-Acetyl-L-histidine > 25 fold 4.38E-07 | LC-MS
3 (S)-ATPA > 25 fold 7.49E-05 | LC-MS
4 CMP-N-trimethyl-2-aminoethylphosphonate > 25 fold 1.03E-04 | LC-MS
5 gamma-Glutamyl-gamma-aminobutyraldehyde | > 25 fold 1.09E-04 LC-MS
6 Carnosine > 25 fold 3.70E-06 LC-MS
7 Proclavaminic acid > 25 fold 1.33E-03 LC-MS
8 dTMP > 25 fold 4.12E-05 | LC-MS
9 Glu-Phe-Cys-Cys > 25 fold 3.15E-05 | LC-MS
10 UMP > 25 fold 1.12E-03 | GC-MS
11 Lys-Tyr > 25 fold 1.05E-03 LC-MS
12 Ala-Gly-Pro > 25 fold 1.35E-03 | LC-MS
13 3-(Pyrazol-1-yl)-L-alanine > 25 fold 5.14E-08 LC-MS
14 L-Rhamnose > 25 fold 6.81E-06 LC-MS
15 Riboflavin > 25 fold 2.75E-05 LC-MS
16 Propanoyl phosphate > 25 fold 3.25E-06 | LC-MS
17 Nalpha-Methylhistidine > 25 fold 8.69E-06 LC-MS
18 S-Adenosyl-L-methionine > 25 fold 2.61E-04 LC-MS
19 Volemitol > 25 fold 1.04E-05 | LC-MS
20 Glu-Asp-Pro > 25 fold 1.25E-06 | LC-MS
21 Trp-Pro > 25 fold 3.02E-06 | LC-MS
22 0O-Phospho-L-serine > 25 fold 3.46E-04 LC-MS
23 D-4'-Phosphopantothenate > 25 fold 1.38E-04 | LC-MS
24 [ST hydrox] N-(3alpha,7alpha-dihydroxy- | > 25 fold 6.20E-06 | LC-MS
5beta-cholan-24-oyl)-taurine
25 Ala-Leu-Asn-Ser > 25 fold 4.71E-04 LC-MS
26 DL-Methionine sulfone > 25 fold 2.17E-05 LC-MS
27 Asn-Asn-Asp > 25 fold 3.93E-06 | LC-MS
28 Hypusine > 25 fold 9.86E-06 LC-MS
29 4,5-seco-dopa > 25 fold 7.11E-06 | LC-MS
30 Choline phosphate > 25 fold 2.94E-05 LC-MS
31 Phe-Asp-Gln > 25 fold 3.21E-04 | LC-MS
32 1-(5-Phosphoribosyl)imidazole-4-acetate > 25 fold 3.07E-06 LC-MS
33 Asn-Pro > 25 fold 1.97E-05 | LC-MS
34 Pyrimidine nucleoside > 25 fold 9.12E-05 LC-MS
35 CDP-choline > 25 fold 1.50E-03 | LC-MS
36 Phosphonoacetaldehyde > 25 fold 2.82E-06 LC-MS
37 Met-Ser > 25 fold 1.78E-06 | LC-MS
38 Ala-Pro > 25 fold 2.55E-06 | LC-MS
39 Lys-Pro > 25 fold 9.13E-06 | LC-MS
40 Cytidine 2'-phosphate > 25 fold 3.79E-04 | LC-MS




188

41 CDP-ethanolamine > 25 fold 4.13E-04 | LC-MS
42 L-rhamnitol > 25 fold 2.74E-07 | LC-MS
43 N-Ribosylnicotinamide > 25 fold 1.22E-05 LC-MS
44 Lactate > 25 fold 3.19E-05 | LC-MS
45 2',3'-Cyclic UMP > 25 fold 2.31E-03 | LC-MS
46 Val-Asp-Gly > 25 fold 1.74E-05 LC-MS
47 Pro-Pro > 25 fold 2.34E-03 | LC-MS
48 4,6-Dideoxy-4-oxo-dTDP-D-glucose > 25 fold 2.43E-03 LC-MS
49 Glu-Glu-Gln-Pro > 25 fold 2.40E-06 | LC-MS
50 N(pi)-Methyl-L-histidine > 25 fold 8.38E-04 LC-MS
51 D-Ribitol 5-phosphate > 25 fold 1.86E-06 | LC-MS
52 Leu-Asn-Asp > 25 fold 2.58E-06 LC-MS
53 Cryogenine > 25 fold 2.52E-05 LC-MS
54 5'-Methylthioadenosine > 25 fold 2.22E-04 | LC-MS
55 N1-Acetylspermidine > 25 fold 1.91E-06 LC-MS
56 Sphinganine > 25 fold 9.17E-04 | LC-MS
57 Ethanolamine phosphate > 25 fold 3.32E-04 LC-MS
58 Adenine > 25 fold 5.04E-05 | LC-MS
59 N2-(D-1-Carboxyethyl)-L-arginine > 25 fold 1.85E-05 LC-MS
60 &alpha;-methylhistidine > 25 fold 4.90E-03 LC-MS
61 GMP 24.46 1.31E-05 | LC-MS
62 L-Tyrosine 23.83 2.66E-05 LC-MS
63 Fructoselysine 23.23 1.34E-05 LC-MS
64 Glu-Thr 23.09 8.13E-04 | LC-MS
65 Folate 22.33 3.83E-06 | LC-MS
66 CMP-2-aminoethylphosphonate 22.05 8.33E-06 LC-MS
67 Piperidine 21.57 1.29E-05 | LC-MS
68 Sedoheptulose 20.72 4.65E-06 LC-MS
69 Glycylproline 20.01 2.49E-04 LC-MS
70 hydrogen iodide 19.5 9.46E-07 | LC-MS
71 dAMP 19.47 1.89E-04 | LC-MS
72 [SP (2:0)] sphinga-4E,14Z-dienine 19.02 2.79E-04 | LC-MS
73 D-Methionine 18.17 1.69E-05 LC-MS
74 L-Cystine 16.34 8.07E-03 | LC-MS
75 ADPribose 2'-phosphate 16.31 3.07E-06 | LC-MS
76 L-Histidine 16.25 1.58E-04 | LC-MS
77 L-Ornithine 16.02 1.41E-06 | LC-MS
78 L-Phenylalanine 15.66 1.16E-05 LC-MS
79 gamma-L-Glutamyl-L-cysteinyl-beta-alanine 15 1.37E-05 LC-MS
80 phosphinomethylmalate 14.77 8.14E-08 LC-MS
81 Putrescine 14.56 1.14E-06 | LC-MS
82 Met-Thr-Asp 14.5 1.39E-06 | LC-MS
83 L-Tryptophan 14.34 2.74E-05 LC-MS
84 2-Hydroxyadenine 14.21 1.46E-05 LC-MS
85 Glycodeoxycholate 13.67 1.41E-05 LC-MS
86 Betaine 13.47 8.92E-06 | LC-MS
87 Xanthosine 5'-phosphate 13.32 7.70E-04 LC-MS
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88 CMP 13.16 1.14E-04 | LC-MS
89 Glu-Met-Thr 12.94 3.75E-07 | LC-MS
90 sn-glycero-3-Phospho-1-inositol 12.56 1.29E-05 LC-MS
91 1-methylguanosine 12.46 9.01E-06 | LC-MS
92 Thr-Ala-Asp 12.34 1.55E-04 | LC-MS
93 Methylimidazoleacetic acid 12.31 5.36E-07 | LC-MS
94 N-hydroxy-N-isopropyloxamate 11.85 1.06E-04 | LC-MS
95 Ala-Cys 11.72 5.48E-05 | LC-MS
96 3-Oxopropanoate 11.65 6.80E-06 | LC-MS
97 Phenylacetylglycine 11.24 1.01E-05 LC-MS
98 Pyridoxamine phosphate 11.23 6.61E-06 | LC-MS
99 sn-glycero-3-Phosphocholine 10.83 2.81E-04 LC-MS
100 | N-Acetyl-aspartyl-glutamate 10.81 3.58E-05 LC-MS
101 | Asp-Met-Asp-Gly 10.56 7.91E-03 | LC-MS
102 | L-Glutamate 10.53 2.83E-06 LC-MS
103 | Ala-Ser 10.51 7.68E-05 | LC-MS
104 | N6-Methyl-L-lysine 10.5 5.30E-06 LC-MS
105 | Leukotriene B4 10.13 3.28E-04 | LC-MS
106 | D-Sorbitol 9.71 5.26E-07 | LC-MS
107 | 2,3,4,5-Tetrahydrodipicolinate 9.54 4.35E-05 LC-MS
108 | GammaGlutamylglutamicacid 9.33 1.67E-05 LC-MS
109 | succinamate 9.32 2.54E-04 LC-MS
110 | L-Gulonate 9 4.94E-05 | LC-MS
111 | (S)-AMPA 8.99 5.43E-05 | LC-MS
112 | D-Glucuronate 1-phosphate 8.94 1.07E-05 LC-MS
113 | dTDP-3-amino-2,3,6-trideoxy-D-threo- 8.76 9.52E-08 LC-MS
hexopyranos-4-ulose
114 | IMP 8.72 4.40E-04 | LC-MS
115 | DL-&beta;-hydroxynorvaline 8.47 1.31E-06 LC-MS
116 | [Fv  Hydroxy,trimethoxy(9:1)]  4'-Hydroxy- | 8.16 3.74E-04 LC-MS
5,6,7-trimethoxyflavanone
117 | [FA hydroxy(20:4)] 15S-hydroxy- | 8.1 5.77E-04 LC-MS
5Z,8Z,11Z,13E-eicosatetraenoic acid
118 | Phosphoribosyl-AMP 7.9 2.62E-06 LC-MS
119 | Adenosine 7.77 3.63E-06 LC-MS
120 | D-Sedoheptulose 1,7-bisphosphate 7.68 3.91E-06 LC-MS
121 | Choline 7.54 8.54E-07 | LC-MS
122 | Retronecine 7.5 4.78E-08 LC-MS
123 | Guanosine 7.47 1.91E-03 | LC-MS
124 | Cytidine 7.46 1.24E-03 | LC-MS
125 | Xylitol 7.3 1.06E-02 | LC-MS
126 | Ala-Leu-His-His 7.3 2.69E-07 LC-MS
127 | alpha-aminopimelate 7.28 2.54E-06 | LC-MS
128 | Uracil 7.18 1.06E-04 | LC-MS
129 | Mevaldate 6.79 1.15E-05 LC-MS
130 | Uridine 6.69 9.72E-05 | LC-MS
131 | Glycerone phosphate 6.67 3.38E-06 LC-MS
132 | [SP] 3-dehydrosphinganine 6.63 6.66E-04 | LC-MS
133 | P-DPD 6.59 1.16E-06 | LC-MS
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134 | D-Gluconic acid 6.42 7.81E-06 LC-MS
135 | siroamide 6.38 2.83E-06 | LC-MS
136 | Ala-Leu-Lys-Pro 6.34 7.93E-06 LC-MS
137 | 4-Acetamidobutanoate 6.29 1.85E-06 | LC-MS
138 | Glu-Ser 6.16 1.25E-02 | LC-MS
139 | NAD+ 5.94 2.01E-04 | LC-MS
140 | sn-glycero-3-Phosphoethanolamine 5.92 4,49E-06 | LC-MS
141 | NG,NG-Dimethyl-L-arginine 5.56 2.51E-05 LC-MS
142 | (1-Ribosylimidazole)-4-acetate 5.54 2.29E-03 LC-MS
143 | D-Alanyl-D-alanine 5.35 2.19E-05 LC-MS
144 | Arg-Lys-Ser-Ser 5.27 1.14E-06 | LC-MS
145 | Pyrimidine 5'-deoxynucleotide 5.27 1.11E-05 LC-MS
146 | N-Formimino-L-glutamate 5.26 8.75E-05 LC-MS
147 | [FA (18:1)] 9Z-octadecenamide 5.26 3.09E-01 LC-MS
148 | Ala-Lys-Met-Gln 5.25 2.19E-06 LC-MS
149 | Guanine 5.2 3.93E-03 | LC-MS
150 | Cys-Glu-Glu-Pro 5.12 1.55E-06 LC-MS
151 | N-Acetylglutamine 5.07 3.85E-04 | LC-MS
152 | [FA (18:2)] 9,12-octadecadienal 4.89 1.69E-01 LC-MS
153 | Cys-Met-Ser-His 4.78 9.15E-07 LC-MS
154 | Phe-Asp 4.76 1.25E-04 | LC-MS
155 | Palmiticamide 4.69 3.37E-01 LC-MS
156 | L-Kynurenine 4.69 9.27E-07 | LC-MS
157 | [FA hydroxy,oxo(7:0/2:0)] 4-hydroxy-2-oxo- | 4.64 2.00E-03 LC-MS
Heptanedioic acid
158 | Ala-Asp-Asp 4.47 2.90E-05 | LC-MS
159 | Glycerophosphoglycerol 4.4 5.28E-05 LC-MS
160 | N-(Carboxyaminomethyl)urea 4.32 1.19E-05 LC-MS
161 | Glycocholate 4.31 4.60E-05 LC-MS
162 | Gamma-Glutamylglutamine 4.31 4.94E-05 LC-MS
163 | 3',5'-Cyclic AMP 4.28 1.28E-03 | LC-MS
164 | Sorbitol 6-phosphate 4.26 2.37E-04 | LC-MS
165 | [FA (20:4)] 5Z,8Z,11Z,14Z-eicosatetraenoic | 4.21 2.64E-03 | LC-MS
acid
166 | N6,N6,N6-Trimethyl-L-lysine 4.19 1.39E-06 | LC-MS
167 | N1-(5-Phospho-alpha-D-ribosyl)-5,6- 4.14 1.03E-02 LC-MS
dimethylbenzimidazole
168 | [FA (6:0)] 6-[3]-ladderane-1-hexanol 4.1 1.60E-01 LC-MS
169 | 5-Hydroxyindoleacetate 4.07 1.44E-06 LC-MS
170 | Xanthine 3.97 1.01E-05 LC-MS
171 | UDP-N-acetyl-D-glucosamine 3.93 1.73E-04 LC-MS
172 | L-Proline 3.93 6.09E-06 LC-MS
173 | L-Hypoglycin 3.89 3.24E-09 | LC-MS
174 | N2-(D-1-Carboxyethyl)-L-lysine 3.82 5.31E-05 LC-MS
175 | Glu-Val 3.82 1.54E-10 | LC-MS
176 | (S)-2-Aminobutanoate 3.81 6.29E-02 LC-MS
177 | 2-Deoxy-D-ribose 5-phosphate 3.79 1.23E-05 LC-MS
178 | sn-Glycerol 3-phosphate 3.79 4.40E-04 | LC-MS
179 | Glu-Pro 3.78 8.86E-04 | LC-MS
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180 | N6-Acetyl-N6-hydroxy-L-lysine 3.7 1.44E-03 LC-MS
181 | AMP 3.54 3.12E-04 | LC-MS
182 | L-Tyrosine methyl ester 3.45 6.84E-04 LC-MS
183 | HEPES 3.44 9.39E-08 | LC-MS
184 | Acetylcholine 3.4 1.80E-03 LC-MS
185 | [FA trihydroxy(4:0)] 2,3,4-trihydroxy-butanoic | 3.31 2.67E-07 | LC-MS
acid
186 | Glu-Leu 3.3 3.59E-04 | LC-MS
187 | 2-Carboxy-D-arabinitol 1-phosphate 3.27 1.06E-03 LC-MS
188 | Xanthosine 3.13 3.58E-04 | LC-MS
189 | L-Fucose 1-phosphate 3.1 4.48E-04 | LC-MS
190 | Succinate 3.07 1.55E-04 | LC-MS
191 | L-Glutamate 5-semialdehyde 3.04 5.88E-05 LC-MS
192 | Fumarate 2.96 4.35E-05 LC-MS
193 | Phe-Pro 2.83 2.33E-04 | LC-MS
194 | 5-Acetamidopentanoate 2.83 3.23E-04 LC-MS
195 | Arg-Gln-Ser-Ser 2.78 7.94E-04 LC-MS
196 | [FA (7:0/2:0)] Heptanedioic acid 2.75 2.77E-04 | LC-MS
197 | L-Cystathionine 2.73 6.33E-04 LC-MS
198 | Leu-Val 2.69 4.24E-02 | LC-MS
199 | S-Methyl-L-methionine 2.61 1.49E-02 LC-MS
200 | N2-Acetyl-L-aminoadipate 2.61 3.65E-03 LC-MS
201 | O-Acetyl-L-homoserine 2.6 4.86E-06 | LC-MS
202 | 2-Aminoacrylate 2.58 4.90E-03 LC-MS
203 | Sucrose 2.56 5.41E-03 | LC-MS
204 | Tiglic acid 2.52 2.20E-04 | LC-MS
205 | (-)-Salsolinol 2.47 1.89E-02 | LC-MS
206 | N-Dimethyl-2-aminoethylphosphonate 2.45 1.96E-03 LC-MS
207 | 3-Amino-2-oxopropyl phosphate 2.45 2.51E-01 LC-MS
208 | N-Acetylneuraminate 2.43 3.64E-05 LC-MS
209 | 5-6-Dihydrouridine 2.38 1.33E-04 | LC-MS
210 | Sulfate 2.25 1.28E-04 | LC-MS
211 | D-Threose 2.2 8.51E-06 | LC-MS
212 | L-Aspartate 2.16 9.20E-04 | LC-MS
213 | 5-Hydroxypentanoate 2.09 2.24E-07 | LC-MS
214 | 1,3-benzenedisulfonate 2.08 7.09E-06 LC-MS
215 | N5-Ethyl-L-glutamine 2.07 2.67E-03 LC-MS
216 | (R)-AMAA 2.04 1.55E-03 | LC-MS
217 | Sulfoacetaldehyde 2.03 1.26E-03 LC-MS
218 | allylcysteine 2.02 1.80E-02 LC-MS
219 | L-2-Aminoadipate 1.99 4.32E-05 | LC-MS
220 | Hydroxymethylphosphonate 1.98 6.55E-02 | LC-MS
221 | (S)-3-Methyl-2-oxopentanoic acid 1.97 1.41E-03 LC-MS
222 | L-Arabinonate 1.96 5.86E-04 LC-MS
223 | L-Noradrenaline 1.94 3.42E-03 LC-MS
224 | Val-Val 1.93 9.43E-03 | LC-MS
225 | Acetyl phosphate 1.91 9.46E-04 LC-MS
226 | Thiomorpholine 3-carboxylate 1.9 1.98E-02 | LC-MS
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227 | 1-Oleoylglycerophosphocholine 1.89 4.93E-02 LC-MS
228 | S-glutathionyl-L-cysteine 1.87 4.70E-02 | LC-MS
229 | N-Acetyl-D-glucosamine 6-phosphate 1.86 2.67E-03 LC-MS
230 | Ala-Asp-Ser 1.84 6.40E-02 | LC-MS
231 | L-Lysine 1.82 3.86E-03 | LC-MS
232 | Vinylacetylglycine 1.8 7.36E-03 | LC-MS
233 | Linamarin 1.8 1.29E-02 | LC-MS
234 | Thr-Asp-Ser 1.78 2.12E-03 LC-MS
235 | L-Methionine S-oxide 1.74 5.85E-02 | LC-MS
236 | Asp-Gly 1.72 1.68E-04 | LC-MS
237 | N-methyl glucamine 1.71 9.10E-02 | LC-MS
238 | Biotin 1.7 7.00E-04 | LC-MS
239 | D-Aspartate 1.68 2.88E-02 LC-MS
240 | D-Ribose 5-phosphate 1.67 3.38E-02 | LC-MS
241 | [SP hydroxy,hydroxy,methyl(10:2/2:0)] 6R-(8- | 1.64 4.56E-02 LC-MS
hydroxydecyl)-2R-(hydroxymethyl)-piperidin-
3R-ol
242 | D-Mannosylglycoprotein 1.61 8.52E-02 LC-MS
243 | sodium chloride(aq) 1.61 6.92E-03 LC-MS
244 | D-Glycerate 1.61 2.17E-03 | LC-MS
245 | D-Tryptophan 1.6 2.06E-01 LC-MS
246 | Cys-Cys-His-His 1.59 3.68E-04 | LC-MS
247 | Fructoselysine 6-phosphate 1.58 4.70E-03 LC-MS
248 | L-Arginine 1.57 4.37E-04 | LC-MS
249 | His-Phe-Val-Pro 1.57 3.93E-03 LC-MS
250 | L-Asparagine 1.55 1.42E-03 | LC-MS
251 | Adipate 1.55 8.43E-04 | LC-MS
252 | Piperideine 1.54 3.40E-02 | LC-MS
253 | Leu-Lys-Asp 1.54 2.81E-01 LC-MS
254 | Leu-Ala 1.54 5.47E-02 | LC-MS
255 | Prenyl-L-cysteine 1.53 8.28E-02 LC-MS
256 | L-Alanine 1.53 5.39E-03 | LC-MS
257 | Gamma-Aminobutyryl-lysine 1.51 1.11E-02 LC-MS
258 | 8-keto-7-aminoperlagonate 1.47 8.56E-02 | LC-MS
259 | [FA hydroxy(18:2)] 9S-hydroxy-10E,12Z- | 1.47 8.16E-02 | LC-MS
octadecadienoic acid
260 | gamma-L-Glutamyl-L-cysteine 1.47 1.44E-01 LC-MS
261 | Glu-Leu-Thr-His 1.44 6.27E-03 | LC-MS
262 | 3-Phosphoglycerate 1.43 5.99E-02 LC-MS
263 | N3-(4-methoxyfumaroyl)-L-2,3- 1.42 5.02E-01 LC-MS
diaminopropanoate
264 | 2-monooleoylglycerol 1.42 3.33E-02 | LC-MS
265 | L-Threonine 1.41 6.86E-02 | LC-MS
266 | N2-Succinyl-L-ornithine 1.39 5.14E-02 | LC-MS
267 | Malate 1.39 8.90E-02 | LC-MS
268 | Glu-Gly 1.38 4.02E-02 | LC-MS
269 | L-1-Pyrroline-3-hydroxy-5-carboxylate 1.36 2.06E-03 LC-MS
270 | N-Acetyl-D-glucosamine 6-sulfate 1.35 1.11E-01 LC-MS
271 | [FA  methyl,hydroxy(5:0)] 3R-methyl-3,5- | 1.34 4.89E-02 | LC-MS
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dihydroxy-pentanoic acid

272 | Pyridoxal phosphate 1.31 1.10E-01 LC-MS
273 | Canavanine 1.31 2.71E-03 LC-MS
274 | L-5-benzyl-hydantoin 1.28 4.72E-01 LC-MS
275 | Heme 1.27 3.18E-01 LC-MS
276 | Orthophosphate 1.26 2.09E-01 LC-MS
277 | Homoarginine 1.24 4.31E-01 LC-MS
278 | Leu-Thr 1.23 1.99E-01 LC-MS
279 | Triethanolamine 1.22 4.24E-01 LC-MS
280 | 3-Hydroxy-L-kynurenine 1.22 5.85E-01 LC-MS
281 | 2-Naphthylamine 1.22 1.19E-01 LC-MS
282 | Chelilutine 1.21 2.36E-01 LC-MS
283 | Leucyl-leucine 1.21 2.40E-01 LC-MS
284 | [GP (16:0)] 1-hexadecanoyl-2-sn-glycero-3- | 1.21 4.26E-01 LC-MS
phosphate
285 | 5-(chloromercuri)cytidine 1.2 5.52E-01 LC-MS
286 | N-(octanoyl)-L-homoserine 1.19 1.13E-01 LC-MS
287 | [FA (14:0/2:0)] Tetradecanedioic acid 1.18 2.87E-01 LC-MS
288 | (R)-S-Lactoylglutathione 1.18 4.05E-01 LC-MS
289 | Creatinine 1.17 3.07E-01 LC-MS
290 | N-Acetyllactosamine 1.16 1.89E-01 LC-MS
291 | Furfural diethyl acetal 1.14 4.95E-01 LC-MS
292 | Aminopropylcadaverine 1.12 3.52E-01 LC-MS
293 | [SP] Sphinganine-1-phosphate 1.12 5.52E-01 LC-MS
294 | 2-acetamidoglucal 1.12 2.55E-01 LC-MS
295 | Methyl cinnamate 1.12 6.62E-01 LC-MS
296 | Glu-Cys-Gln-Gln 1.11 4.57E-01 LC-MS
297 | N-Acetyl-L-aspartate 1.1 6.35E-01 LC-MS
298 | [FA (24:6)] 4,8,12,15,19,21- | 1.09 4.78E-01 LC-MS
tetracosahexaenoic acid
299 | D-Lysine 1.09 6.37E-01 LC-MS
300 | Maltose 1.08 5.25E-01 LC-MS
301 | (R)-2-Hydroxyglutarate 1.07 7.77E-01 LC-MS
302 | [FA oxo(8:0)] 5-oxo-7-octenoic acid 1.07 7.71E-01 LC-MS
303 | (S)-Methylmalonate semialdehyde 1.06 8.19E-01 LC-MS
304 | [FA dioxo(8:0)] 4,7-dioxo-octanoic acid 1.06 7.25E-01 LC-MS
305 | Dodecanamide 1.06 7.47E-01 LC-MS
306 | 2-hydroxysuccinamate 1.06 6.16E-01 LC-MS
307 | Sedoheptulose 7-phosphate 1.05 8.65E-01 LC-MS
308 | allopurinol 1.05 8.77E-01 LC-MS
309 | Cyclohex-2-enone 1.04 8.59E-01 GC-MS
310 | Methylmalonate 1.04 6.89E-01 LC-MS
311 | L-Glutamine 1.04 8.23E-01 LC-MS
312 | L-Erythrulose 1.04 7.83E-01 LC-MS
313 | [ST hydrox] 3alpha,7alpha-Dihydroxy-5beta- | 1.03 7.35E-01 LC-MS
cholan-24-oic Acid
314 | [PC (18:2)] 1-(9Z,12Z-octadecadienoyl)-sn- | 1.03 8.91E-01 LC-MS
glycero-3-phosphocholine
315 | [ST trihydrox] 3Alpha,7Alpha,12Alpha- | 1.03 8.79E-01 LC-MS

trihydroxy-5Beta-cholan-24-oic acid
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316 | Methyloxaloacetate 1.02 9.27E-01 LC-MS
317 | 4-Oxocyclohexanecarboxylate 1.01 9.16E-01 LC-MS
318 | myristic amide 1.01 9.68E-01 LC-MS
319 | Hippurate 1.01 9.66E-01 LC-MS
320 | Mercaptoethanol -1 9.91E-01 LC-MS
321 | Asp-Asp -1 9.74E-01 LC-MS
322 | [ST hydroxy(3:0)] (5Z,7E)-(3S)-3-hydroxy-9,10- | -1.01 9.66E-01 LC-MS
seco-5,7,10(19)-cholatrien-24-oic acid
323 | &alpha;-(2,6-anhydro-3-deoxy-D-arabino- 1.01 9.71E-01 LC-MS
heptulopyranosid)onate 7-phosphate
324 | Tyramine -1.02 9.16E-01 LC-MS
325 | &gamma;-aminobutyramide -1.02 8.92E-01 LC-MS
326 | Deoxyribonolactone -1.03 8.07E-01 LC-MS
327 | Tributyl phosphate -1.03 8.32E-01 LC-MS
328 | 2-Acetolactate -1.04 7.75E-01 LC-MS
329 | N-Acetylserotonin -1.04 8.41E-01 LC-MS
330 | Furfural -1.04 8.21E-01 LC-MS
331 | Ethyl (R)-3-hydroxyhexanoate -1.04 6.61E-01 LC-MS
332 | gamma-Amino-gamma-cyanobutanoate -1.05 7.71E-01 LC-MS
333 | Inosine -1.05 8.50E-01 LC-MS
334 | 3,4-Dihydroxy-trans-cinnamate -1.06 7.69E-01 LC-MS
335 | [PC (16:0)] 1-hexadecanoyl-sn-glycero-3- | -1.06 8.10E-01 LC-MS
phosphocholine
336 | Spermidine -1.08 5.58E-01 LC-MS
337 | [FA amino(11:0)] 11-amino-undecanoic acid -1.08 7.46E-01 LC-MS
338 | (4E)-2-Oxohexenoic acid -1.09 6.88E-01 LC-MS
339 | N-Acetylisatin -1.09 6.21E-01 LC-MS
340 | [PK] 6-Methylsalicylic acid -1.09 2.74E-01 LC-MS
341 | Methanesulfonic acid -1.1 6.24E-01 LC-MS
342 | L-cysteine sulfinate -1.1 4.95E-01 LC-MS
343 | Urate -1.11 6.75E-01 LC-MS
344 | Deoxyadenosine -1.11 6.73E-01 LC-MS
345 | Hypoxanthine -1.11 7.40E-01 LC-MS
346 | 2-Ethylhexyl phthalate -1.12 5.03E-01 LC-MS
347 | L-Serine -1.14 2.87E-01 LC-MS
348 | Monomethyl sulfate -1.14 6.74E-01 LC-MS
349 | MOPS -1.16 1.71E-01 LC-MS
350 | 4-Hydroxybenzoate -1.16 2.12E-01 LC-MS
351 | Chlorate -1.17 3.40E-01 LC-MS
352 | N-(L-Arginino)succinate -1.17 2.97E-01 LC-MS
353 | D-Erythrose 4-phosphate -1.18 3.05E-01 LC-MS
354 | Glu-Asp -1.18 2.70E-01 LC-MS
355 | 2-C-Methyl-D-erythritol 4-phosphate -1.18 5.99E-01 LC-MS
356 | 3-Hydroxypropenoate -1.18 1.50E-01 LC-MS
357 | 2',3'-Cyclic CMP -1.18 4.51E-01 LC-MS
358 | 3-Methyleneoxindole -1.19 6.91E-02 | LC-MS
359 | Erythrulose 1-phosphate -1.2 2.65E-01 LC-MS
360 | D-Mannose 1-phosphate -1.21 1.70E-01 LC-MS
361 | Hexadecasphinganine -1.22 2.86E-01 LC-MS
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362 | 2-Butyne-1,4-diol -1.24 1.04E-01 LC-MS
363 | [FA (12:4/2:0)] 2E,4E,8E,10E- | -1.28 1.12E-03 | LC-MS
Dodecatetraenedioic acid
364 | 2-Hydroxyethanesulfonate -1.28 8.08E-02 LC-MS
365 | Asp-Ser-Ser -1.3 3.68E-01 LC-MS
366 | Allantoin -1.31 6.54E-02 | LC-MS
367 | Phenylpyruvate -1.32 1.42E-01 LC-MS
368 | 2,7-Anhydro-alpha-N-acetylneuraminic acid -1.35 1.24E-01 LC-MS
369 | D-myo-Inositol 1,2-cyclic phosphate -1.35 5.19E-02 GC-MS
370 | di-n-Undecylamine -1.36 4.54E-01 LC-MS
371 | olomoucine -1.36 1.78E-01 LC-MS
372 | LysoPC(17:0) -1.36 1.40E-01 LC-MS
373 | Diketogulonicacid -1.36 3.74E-01 LC-MS
374 | Aspartyl-L-proline -1.37 1.28E-01 LC-MS
375 | 5-Methylcytidine -1.4 1.82E-01 LC-MS
376 | myo-Inositol -1.41 2.62E-01 LC-MS
377 | 3-Methoxy-4-hydroxyphenylethyleneglycol -1.41 4.41E-02 LC-MS
378 | 2,3,5-Trihydroxytoluene -1.42 6.73E-02 | LC-MS
379 | D-Glucose 6-phosphate -1.44 2.49E-02 LC-MS
380 | DL-Glyceraldehyde 3-phosphate -1.44 9.90E-04 | LC-MS
381 | CPA(18:1(11Z)/0:0) -1.45 4.14E-01 LC-MS
382 | Lotaustralin -1.45 3.81E-02 | LC-MS
383 | L-thiazolidine-4-carboxylate -1.53 1.10E-01 LC-MS
384 | 10-Hydroxydecanoic acid -1.53 5.51E-05 LC-MS
385 | 3-Hydroxy-N6,N6,N6-trimethyl-L-lysine -1.55 2.60E-01 LC-MS
386 | D-Glucose -1.57 9.40E-02 | LC-MS
387 | [ST] (5Z,7E)-9,10-seco-5,7,10(19)- | -1.66 1.50E-01 LC-MS
cholestatriene
388 | Taurine -1.7 2.55E-02 | LC-MS
389 | 4-Guanidinobutanoate -1.72 4.74E-04 LC-MS
390 | 1-Aminocyclopropane-1-carboxylate -1.73 1.86E-03 LC-MS
391 | Miraxanthin-I -1.75 5.27E-02 | LC-MS
392 | Leu-Pro -1.82 5.73E-04 | LC-MS
393 | cis-(homo)2aconitate -1.84 4.64E-03 LC-MS
394 | beta-Alanine -1.84 4.52E-03 | LC-MS
395 | N-Acetyl-D-fucosamine -1.85 2.09E-03 LC-MS
396 | Pseudouridine -1.91 6.22E-05 LC-MS
397 | beta-D-Fructose 2,6-bisphosphate -1.92 2.92E-06 LC-MS
398 | 3,4,5-Trihydroxystilbene -1.99 9.12E-02 LC-MS
399 | Isocitrate 1.99 2.69E-01 GC-MS
400 | N5-(L-1-Carboxyethyl)-L-ornithine -2.02 1.08E-01 LC-MS
401 | glucosamine-1,6-diphosphate -2.06 3.19E-07 LC-MS
402 | Glutathione disulfide -2.09 7.55E-06 | LC-MS
403 | Mesaconate -2.1 6.29E-04 LC-MS
404 | N-acetyl-(L)-arginine -2.22 8.79E-05 LC-MS
405 | Cys-Gly -2.24 1.36E-03 | LC-MS
406 | Hypotaurine -2.28 7.05E-06 LC-MS
407 | CMP-N-acetylneuraminate -2.34 3.30E-05 LC-MS
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408 | Malonate -2.46 1.72E-03 LC-MS
409 | Deoxycytidine -2.47 7.94E-03 LC-MS
410 | N-Methylethanolamine phosphate -2.48 2.32E-03 LC-MS
411 | Bis(glycerophospho)-glycerol -2.5 1.13E-03 | LC-MS
412 | Creatine -2.53 4.91E-05 LC-MS
413 | 1-Methylnicotinamide -2.55 2.28E-03 LC-MS
414 | 4-Methylene-L-glutamine -2.64 5.48E-04 | LC-MS
415 | N-Acetyl-D-mannosamine -2.65 3.19E-05 LC-MS
416 | (R)-Malate -2.7 6.26E-03 | LC-MS
417 | 3-beta-D-Galactosyl-sn-glycerol -2.71 5.26E-02 LC-MS
418 | Glycine -2.72 1.69E-04 | LC-MS
419 | [PC (18:0)] 1-octadecanoyl-sn-glycero-3- | -3.01 2.85E-04 LC-MS
phosphocholine
420 | Tetradecanoylcarnitine -3.06 1.10E-04 LC-MS
421 | Elaidiccarnitine -3.08 1.87E-03 LC-MS
422 | [FA (6:0)] O-hexanoyl-R-carnitine -3.09 2.20E-03 LC-MS
423 | 2-Phenylacetamide -3.11 2.33E-05 GC-MS
424 | gamma-Glutamyl-beta-cyanoalanine -3.13 8.16E-06 LC-MS
425 | DL-2-Aminooctanoicacid -3.39 2.00E-03 LC-MS
426 | Glycyl-leucine -3.49 1.88E-08 | LC-MS
427 | N3-methylcytosine -3.53 4.79E-09 LC-MS
428 | Slaframine -3.56 2.08E-05 | LC-MS
429 | O-Butanoylcarnitine -3.67 6.94E-10 | LC-MS
430 | N-Acetyl-D-glucosaminate -3.71 1.21E-07 LC-MS
431 | Homostachydrine -3.83 3.73E-04 LC-MS
432 | 2,3-Dimethylmaleate -4.1 4.61E-06 LC-MS
433 | 3-sulfopropanoate -4.12 1.77E-07 LC-MS
434 | 4-Hydroxy-2-butynal -4.14 1.29E-05 LC-MS
435 | 4-Hydroxy-L-threonine -4.18 4.08E-07 LC-MS
436 | L-Carnitine -4.23 2.10E-05 LC-MS
437 | D-Xylulose -4.33 7.16E-07 | LC-MS
438 | Orotidine -4.39 9.79E-06 | LC-MS
439 | N4-acetyl-N4-hydroxy-1-aminopropane -4.74 2.53E-03 LC-MS
440 | L-Citrulline -5.64 9.10E-04 | LC-MS
441 | [FA hydroxy(10:0)] N-(3S-hydroxydecanoyl)-L- | -5.7 8.26E-05 LC-MS
serine
442 | N-Ethylglycocyamine -6.15 4.62E-06 LC-MS
443 | Orotate -6.64 2.47E-08 LC-MS
444 | Thr-Ala -6.89 7.75E-05 | LC-MS
445 | Trimethylamine N-oxide -7.12 1.18E-08 LC-MS
446 | [FA] O-Palmitoyl-R-carnitine -7.79 3.37E-05 LC-MS
447 | (S)-Dihydroorotate -7.82 6.48E-07 | LC-MS
448 | 6-Acetyl-D-glucose -7.83 6.06E-05 LC-MS
449 | Ala-Asp-Cys -7.84 3.28E-09 | LC-MS
450 | Met-Ala-Gly -8.49 3.34E-06 | LC-MS
451 | [SP] Sphing-4-enine-1-phosphate -8.71 3.67E-15 LC-MS
452 | D-perosamine -8.89 4.37E-06 LC-MS
453 | Ala-Ser-Tyr -8.91 5.41E-04 | LC-MS
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454 | N-Acetyl-L-glutamate 5-semialdehyde -8.91 7.25E-07 LC-MS
455 | 2-Phenylethanolglucuronide -9.39 4.28E-06 | LC-MS
456 | [FA (10:0)] O-decanoyl-R-carnitine -9.47 4.06E-06 LC-MS
457 | 2-Isopropylmaleate -11.56 1.91E-06 | LC-MS
458 | Ergothioneine -12.75 9.31E-09 LC-MS
459 | O-Propanoylcarnitine -13.46 3.85E-06 LC-MS
460 | cis-Aconitate -16.1 3.12E-05 LC-MS
461 | Phosphocreatine -17.16 3.85E-03 LC-MS
462 | Stachydrine -17.93 3.08E-04 | LC-MS
463 | L-Octanoylcarnitine -18.16 6.64E-07 LC-MS
464 | 1,2-dioctanoyl-1-amino-2,3-propanediol -19.83 7.85E-06 | LC-MS
465 | Dihydrobiopterin -21.08 1.15E-04 LC-MS
466 | indole carboxyl thiazole -21.57 4.48E-08 LC-MS
467 | (S)-2-Amino-3-(3-hydroxy-4-oxo-4H-pyridin-1- | -22.56 3.04E-09 LC-MS
yl)propanoate
468 | ATTP <25 fold 2.52E-07 | LC-MS
469 | creatinine phosphate <25 fold 2.60E-03 LC-MS
470 | 1-Methyladenosine <25 fold 2.51E-08 | LC-MS
471 | N-Carbamoyl-L-aspartate <25 fold 6.29E-06 LC-MS
472 | IAA-phenylalanine <25 fold 7.00E-07 | LC-MS
473 | Glu-Glu-Met <25 fold 5.19E-08 | LC-MS
474 | Taurocyamine <25 fold 4.20E-06 | LC-MS
475 | Ala-Val-Pro-Ser <25 fold 1.63E-06 | LC-MS
476 | Glu-Met <25 fold 2.86E-08 | LC-MS
477 | [FA oxo,amino(6:0)] 3-oxo-55-amino-hexanoic | <25 fold 1.49E-06 | LC-MS
acid
478 | 2-6dimethylheptanoylcarnitine <25 fold 8.34E-06 LC-MS
479 | S-5-methylthiopentylhydroximoyl-L-cysteine <25 fold 2.27E-08 LC-MS
480 | 2-Amino-4-hydroxy-6-hydroxymethyl-7,8- <25 fold 3.23E-06 LC-MS
dihydropteridine
481 | 2-Amino-4-hydroxy-6-(D-erythro-1,2,3- <25 fold 1.22E-04 | LC-MS
trihydroxypropyl)-7,8- dihydropteridine
482 | N-Methylnicotinate <25 fold 7.96E-05 LC-MS
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Table 4 Putative metabolites (PMs) represented in

Figure 4-2 showing fold change in abundance in Gametocytes compared to uninfected
reticulocyte enriched erythrocytes. PMs are listed in order of decreasing abundance
(metabolites identified with authentic standards are highlighted bold)

No. | Metabolites Fold change P-Value Platform
(Gametocytes/
Reticulocytes)
1 Arg-Cys-Ser-Tyr > 25 fold 6.60E-03 LC-MS
2 dTMP > 25 fold 8.39E-07 LC-MS
3 D-Ribitol 5-phosphate > 25 fold 6.97E-08 LC-MS
4 Asp-Met-Asp-Gly > 25 fold 2.48E-05 LC-MS
5 UMP > 25 fold 6.00E-04 GC-MS
6 L-Gulonate > 25 fold 3.38E-07 LC-MS
7 O-Phospho-L-serine > 25 fold 1.05E-03 LC-MS
8 CMP-N-trimethyl-2- > 25 fold 3.99E-05 LC-MS
aminoethylphosphonate
9 Met-Ala-Asp > 25 fold 8.98E-06 LC-MS
10 | Lys-Tyr > 25 fold 2.51E-03 LC-MS
11 | Asn-Asn-Asp > 25 fold 8.71E-05 LC-MS
12 | Deoxyinosine > 25 fold 2.12E-06 LC-MS
13 | D-Gluconic acid > 25 fold 1.83E-07 LC-MS
14 | gamma-Glutamyl-gamma- > 25 fold 2.27E-04 LC-MS
aminobutyraldehyde
15 | sn-glycero-3-Phosphocholine > 25 fold 1.50E-09 LC-MS
16 | Pyrimidine nucleoside > 25 fold 1.34E-04 LC-MS
17 | 4,5-seco-dopa > 25 fold 1.83E-05 LC-MS
18 | Val-Asp-Gly > 25 fold 5.19E-05 LC-MS
19 | Hypusine > 25 fold 1.59E-05 LC-MS
20 | Choline phosphate > 25 fold 2.76E-06 LC-MS
21 | Ala-Leu-Asn-Ser > 25 fold 9.01E-05 LC-MS
22 | dAMP > 25 fold 2.97E-04 LC-MS
23 | Propanoyl phosphate > 25 fold 3.59E-06 LC-MS
24 | Phosphonoacetaldehyde > 25 fold 3.94E-06 LC-MS
25 | Ala-Ser-Tyr 20.4 3.02E-07 LC-MS
26 | CDP-ethanolamine 19.99 1.60E-05 LC-MS
27 | hydrogen iodide 19.83 1.45E-07 LC-MS
28 | Leu-Asn-Asp 19.74 2.70E-06 LC-MS
29 | Cytidine 2'-phosphate 19.73 1.04E-05 LC-MS
30 | CDP-choline 18.57 2.01E-04 LC-MS
31 | 4,6-Dideoxy-4-oxo-dTDP-D-glucose 18.37 6.48E-06 LC-MS
32 | Cryogenine 18.29 1.57E-04 LC-MS
33 | Glu-Thr 17.09 1.11E-04 LC-MS
34 | N-hydroxy-N-isopropyloxamate 16.51 2.87E-04 LC-MS
35 | N-Ribosylnicotinamide 16.09 1.93E-04 LC-MS
36 | 2-Carboxy-D-arabinitol 1-phosphate 15.24 7.55E-05 LC-MS
37 | D-4-Phosphopantothenate 14.61 4.81E-05 LC-MS
38 | Inosine 14.23 8.75E-07 LC-MS
39 | succinamate 14.22 3.96E-04 LC-MS
40 | Hypoxanthine 13.98 3.51E-08 LC-MS
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41 | Thr-Ala-Asp 12.54 7.21E-05 LC-MS
42 | Ala-Gly-Pro 12.49 4.15E-06 LC-MS
43 | Ethanolamine phosphate 12.35 2.32E-04 LC-MS
44 | O-Acetyl-L-homoserine 12.12 1.70E-05 LC-MS
45 | Choline 12.04 8.44E-12 LC-MS
46 | Pro-Pro 11.67 1.40E-02 LC-MS
47 | 3',5'-Cyclic AMP 11.19 2.31E-05 LC-MS
48 | GammaGlutamylglutamicacid 10.93 1.06E-04 LC-MS
49 | Ala-Ser 10.65 4.91E-05 LC-MS
50 | Guanosine 10.32 5.88E-05 LC-MS
51 | N1-Acetylspermidine 9.83 4.67E-04 LC-MS
52 | sn-glycero-3-Phosphoethanolamine 9.56 9.17E-03 LC-MS
53 | [FA hydroxy(10:0)] N-(3S- | 9.15 5.96E-04 LC-MS
hydroxydecanoyl)-L-serine
54 | Fructoselysine 9.11 3.53E-05 LC-MS
55 | GMP 8.8 9.23E-06 LC-MS
56 | Piperideine 8.57 5.28E-05 LC-MS
57 | CMP 8.39 3.01E-05 LC-MS
58 | D-Sedoheptulose 1,7-bisphosphate 8.08 2.40E-05 LC-MS
59 | Lys-Pro 7.98 2.67E-03 LC-MS
60 | Glu-Met-Thr 7.8 5.13E-03 LC-MS
61 | Isocitrate 7.5 1.96E-06 GC-MS
62 | Leukotriene B4 7.39 1.64E-05 LC-MS
63 | &alpha;-methylhistidine 7.31 3.83E-07 LC-MS
64 | Tetradecanoylcarnitine 7.29 7.36E-04 LC-MS
65 | Glycerone phosphate 7.08 1.93E-07 LC-MS
66 | Ala-Leu-Lys-Pro 6.95 3.02E-06 LC-MS
67 | Cytidine 6.93 1.16E-03 LC-MS
68 | Ala-Pro 6.66 7.71E-05 LC-MS
69 | Glu-Gly 6.63 9.15E-04 LC-MS
70 | [GP  (16:0)] 1-hexadecanoyl-2-sn- | 6.53 1.12E-03 LC-MS
glycero-3-phosphate
71 | Asn-Pro 6.44 1.14E-04 LC-MS
72 | [FA (6:0)] O-hexanoyl-R-carnitine 6.41 7.86E-04 LC-MS
73 | gamma-L-Glutamyl-L-cysteine 6.16 1.32E-05 LC-MS
74 | Sedoheptulose 6.06 2.61E-06 LC-MS
75 | [FA  hydroxy(20:4)] 15S-hydroxy- | 5.81 9.70E-05 LC-MS
57Z,8Z,11Z,13E-eicosatetraenoic acid
76 | Carnosine 5.58 4.02E-03 LC-MS
77 | P-DPD 5.58 1.12E-04 LC-MS
78 | UDP-N-acetyl-D-glucosamine 5.56 8.25E-05 LC-MS
79 | Guanine 5.56 1.84E-03 LC-MS
80 | S-Adenosyl-L-methionine 5.46 3.01E-04 LC-MS
81 | Met-Thr-Asp 5.41 4.94E-04 LC-MS
82 | 2-Deoxy-D-ribose 5-phosphate 5.37 4.21E-09 LC-MS
83 | Glu-Glu-Gln-Pro 5.32 1.35E-04 LC-MS
84 | L-Glutamate 5.31 7.35E-06 LC-MS
85 | Putrescine 5.21 1.10E-03 LC-MS
86 | Diketogulonicacid 5.15 3.19E-07 LC-MS
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87 | Elaidiccarnitine 4.99 2.02E-03 LC-MS
88 | cis-Aconitate 4.97 2.73E-07 LC-MS
89 | D-Alanyl-D-alanine 4.95 6.71E-06 LC-MS
90 | (S)-AMPA 4.87 2.44E-06 LC-MS
91 dTDP-3-amino-2,3,6-trideoxy-D-threo- | 4.72 2.87E-11 LC-MS
hexopyranos-4-ulose
92 | Dihydrobiopterin 4.69 2.56E-06 LC-MS
93 | gamma-L-Glutamyl-L-cysteinyl-beta- 4.64 1.87E-04 LC-MS
alanine
94 | N-Acetyl-aspartyl-glutamate 4.63 8.68E-05 LC-MS
95 | 5-(chloromercuri)cytidine 4.53 4.84E-06 LC-MS
96 | N-Acetylglutamine 4.38 1.97E-04 LC-MS
97 | Pyridoxamine phosphate 4.32 1.37E-05 LC-MS
98 | Lactate 4.27 4.12E-08 LC-MS
99 | Hydroxymethylphosphonate 4.27 3.94E-03 LC-MS
100 | sn-Glycerol 3-phosphate 4.23 5.50E-04 LC-MS
101 | [FA trihydroxy(4:0)] 2,3,4-trihydroxy- | 4.22 2.89E-07 LC-MS
butanoic acid
102 | [PC (16:0)] 1-hexadecanoyl-sn- | 4.18 6.64E-04 LC-MS
glycero-3-phosphocholine
103 | L-Proline 4.15 1.23E-09 LC-MS
104 | CMP-2-aminoethylphosphonate 4.11 1.89E-04 LC-MS
105 | D-Glucuronate 1-phosphate 4.07 1.51E-04 LC-MS
106 | Ala-Cys 4.03 9.68E-05 LC-MS
107 | 2-Aminoacrylate 3.93 3.24E-03 LC-MS
108 | L-Cystathionine 3.93 3.73E-06 LC-MS
109 | DL-&beta;-hydroxynorvaline 3.91 1.15E-05 LC-MS
110 | N-Acetyllactosamine 3.72 4.16E-06 LC-MS
111 | L-Tyrosine 3.68 2.12E-07 LC-MS
112 | Methylimidazoleacetic acid 3.65 4.43E-06 LC-MS
113 | [FA] O-Palmitoyl-R-carnitine 3.62 3.25E-03 LC-MS
114 | Ala-Asp-Asp 3.62 1.54E-05 LC-MS
115 | N-Formimino-L-glutamate 3.56 3.68E-04 LC-MS
116 | 2,3,4,5-Tetrahydrodipicolinate 3.56 3.87E-06 LC-MS
117 | N(pi)-Methyl-L-histidine 3.56 6.06E-04 LC-MS
118 | Glu-Val 3.54 2.33E-08 LC-MS
119 | [SP] Sphing-4-enine-1-phosphate 3.49 3.08E-03 LC-MS
120 | 2,3-Dimethylmaleate 3.47 4.85E-06 LC-MS
121 | N2-Succinyl-L-ornithine 3.44 1.11E-07 LC-MS
122 | 4-Hydroxy-2-butynal 3.39 1.12E-06 LC-MS
123 | Pyrimidine 5'-deoxynucleotide 3.36 2.14E-06 LC-MS
124 | Mesaconate 3.29 1.41E-05 LC-MS
125 | L-Tryptophan 3.27 3.11E-08 LC-MS
126 | L-Alanine 3.23 2.51E-07 LC-MS
127 | 1-Oleoylglycerophosphocholine 3.19 2.99E-03 LC-MS
128 | Phosphocreatine 3.1 8.81E-06 LC-MS
129 | Bis(glycerophospho)-glycerol 3.08 1.48E-04 LC-MS
130 | glucosamine-1,6-diphosphate 3.06 4.08E-04 LC-MS
131 | 3-Oxopropanoate 3.05 4.22E-06 LC-MS
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132 | sn-glycero-3-Phospho-1-inositol 3.04 5.05E-06 LC-MS
133 | L-1-Pyrroline-3-hydroxy-5-carboxylate | 3 1.65E-06 LC-MS
134 | N-(octanoyl)-L-homoserine 3 2.96E-04 LC-MS
135 | AMP 3 8.77E-03 LC-MS
136 | O-Butanoylcarnitine 2.99 8.13E-04 LC-MS
137 | Glycine 2.99 2.96E-05 LC-MS
138 | creatinine phosphate 2.89 7.69E-06 LC-MS
139 | [SP] 3-dehydrosphinganine 2.88 1.02E-03 LC-MS
140 | N-Acetylneuraminate 2.87 7.00E-05 LC-MS
141 | [PC (18:2)] 1-(9Z,12Z- 2.86 4.93E-03 LC-MS

octadecadienoyl)-sn-glycero-3-
phosphocholine

142 | L-Aspartate 2.85 7.67E-07 LC-MS
143 | L-Erythrulose 2.79 9.23E-05 LC-MS
144 | [FA hydroxy(18:2)] 9S-hydroxy- | 2.76 1.97E-03 LC-MS
10E,12Z-octadecadienoic acid
145 | [PC (18:0)] 1-octadecanoyl-sn-glycero- | 2.76 4.53E-03 LC-MS
3-phosphocholine
146 | Fumarate 2.74 2.35E-08 LC-MS
147 | Glycerophosphoglycerol 2.72 4.41E-06 LC-MS
148 | [FA (18:1)] 9Z-octadecenamide 2.67 1.99E-02 LC-MS
149 | [FA (10:0)] O-decanoyl-R-carnitine 2.67 9.41E-03 LC-MS
150 | Adenine 2.66 6.42E-04 LC-MS
151 | Sphinganine 2.64 1.21E-02 LC-MS
152 | N6-Methyl-L-lysine 2.62 4.71E-04 LC-MS
153 | N-Acetyl-L-glutamate 5-semialdehyde | 2.58 6.96E-06 LC-MS
154 | IMP 2.57 1.93E-03 LC-MS
155 | N-Acetyl-D-glucosamine 6-phosphate 2.53 1.44E-02 LC-MS
156 | Phe-Pro 2.5 1.22E-04 LC-MS
157 | 5'-Methylthioadenosine 2.49 7.08E-03 LC-MS
158 | Gamma-Glutamylglutamine 2.48 4.35E-03 LC-MS
159 | LysoPC(17:0) 2.48 5.86E-03 LC-MS
160 | L-Fucose 1-phosphate 2.45 8.01E-04 LC-MS
161 | Malonate 2.43 2.22E-05 LC-MS
162 | (1-Ribosylimidazole)-4-acetate 2.42 3.75E-04 LC-MS
163 | [ST  hydroxy(3:0)] (5Z,7E)-(3S)-3- | 2.4 2.24E-02 LC-MS

hydroxy-9,10-seco-5,7,10(19)-
cholatrien-24-oic acid

164 | [ST trihydrox] 3Alpha,7Alpha,12Alpha- | 2.38 2.11E-02 LC-MS
trihydroxy-5Beta-cholan-24-oic acid
165 | Fructoselysine 6-phosphate 2.37 2.63E-04 LC-MS
166 | allylcysteine 2.36 7.81E-04 LC-MS
167 | Erythrulose 1-phosphate 2.33 7.02E-06 LC-MS
168 | N2-Acetyl-L-aminoadipate 2.3 1.82E-05 LC-MS
169 | Malate 2.3 1.59E-05 LC-MS
170 | 4-Acetamidobutanoate 2.29 9.27E-07 LC-MS
171 | Uridine 2.29 1.96E-07 LC-MS
172 | D-Threose 2.26 2.08E-04 LC-MS
173 | L-Octanoylcarnitine 2.26 8.68E-03 LC-MS
174 | N3-methylcytosine 2.25 1.31E-05 LC-MS
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175 | L-Phenylalanine 2.24 3.72E-08 LC-MS
176 | L-Tyrosine methyl ester 2.24 1.91E-03 LC-MS
177 | Taurine 2.2 5.42E-05 LC-MS
178 | Leu-Thr 2.17 2.69E-05 LC-MS
179 | D-Methionine 2.16 2.61E-05 LC-MS
180 | Prenyl-L-cysteine 2.14 2.33E-02 LC-MS
181 | 1,2-dioctanoyl-1-amino-2,3- 2.12 1.55E-02 LC-MS
propanediol
182 | [SP] Sphinganine-1-phosphate 2.12 1.63E-02 LC-MS
183 | D-Ribose 5-phosphate 2.1 2.57E-03 LC-MS
184 | Thr-Thr-Ser 2.1 5.52E-04 LC-MS
185 | Thiomorpholine 3-carboxylate 2.08 1.15E-03 LC-MS
186 | Lotaustralin 2.05 7.14E-05 LC-MS
187 | 5-6-Dihydrouridine 2.05 1.37E-03 LC-MS
188 | D-Aspartate 2.02 1.60E-04 LC-MS
189 | S-Methyl-L-methionine 2.02 6.59E-03 LC-MS
190 | 2-6dimethylheptanoylcarnitine 2.02 3.46E-02 LC-MS
191 | Palmiticamide 1.99 6.89E-02 LC-MS
192 | (R)-Malate 1.98 6.16E-04 LC-MS
193 | Adenosine 1.97 1.06E-03 LC-MS
194 | Betaine 1.97 1.58E-06 LC-MS
195 | Glu-Leu 1.97 6.11E-04 LC-MS
196 | D-perosamine 1.96 5.61E-03 LC-MS
197 | Glu-Pro 1.96 1.16E-04 LC-MS
198 | Aspartyl-L-proline 1.95 1.70E-02 LC-MS
199 | Piperidine 1.95 7.97E-06 LC-MS
200 | Sorbitol 6-phosphate 1.94 8.50E-03 LC-MS
201 | Sedoheptulose 7-phosphate 1.93 1.84E-04 LC-MS
202 | Phenylacetylglycine 1.93 1.25E-02 LC-MS
203 | 2-Amino-4-hydroxy-6-hydroxymethyl- | 1.91 4.52E-02 LC-MS
7,8-dihydropteridine
204 | Phosphoribosyl-AMP 1.89 2.62E-03 LC-MS
205 | Xylitol 1.89 8.21E-04 LC-MS
206 | &alpha;-(2,6-anhydro-3-deoxy-D- 1.87 7.18E-04 LC-MS
arabino-heptulopyranosid)onate 7-
phosphate
207 | D-Tryptophan 1.87 1.65E-01 LC-MS
208 | [FA (18:2)] 9,12-octadecadienal 1.85 3.45E-02 LC-MS
209 | 2-hydroxysuccinamate 1.85 4.68E-02 LC-MS
210 | 2-Isopropylmaleate 1.83 4.58E-04 LC-MS
211 | DL-2-Aminooctanoicacid 1.82 1.01E-01 LC-MS
212 | D-Erythrose 4-phosphate 1.81 4.23E-03 LC-MS
213 | Glycylproline 1.78 6.18E-05 LC-MS
214 | Sucrose 1.76 1.16E-02 LC-MS
215 | D-Glucose 6-phosphate 1.76 2.03E-04 LC-MS
216 | 3-Phosphoglycerate 1.74 7.31E-04 LC-MS
217 | D-myo-Inositol 1,2-cyclic phosphate 1.74 8.79E-04 GC-MS
218 | L-Hypoglycin 1.74 6.23E-03 LC-MS
219 | 4-Hydroxybenzoate 1.74 3.62E-01 LC-MS
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220 | Asp-Asp 1.74 6.96E-05 LC-MS
221 | N-(Carboxyaminomethyl)urea 1.73 3.59E-03 LC-MS
222 | beta-D-Fructose 2,6-bisphosphate 1.72 1.70E-03 LC-MS
223 | L-Methionine S-oxide 1.72 3.34E-02 LC-MS
224 | Acetylcholine 1.72 7.21E-03 LC-MS
225 | (R)-S-Lactoylglutathione 1.72 4.07E-02 LC-MS
226 | Aminopropylcadaverine 1.71 3.00E-03 LC-MS
227 | Retronecine 1.71 6.44E-04 LC-MS
228 | Hypotaurine 1.71 4.80E-02 LC-MS
229 | DL-Glyceraldehyde 3-phosphate 1.7 2.37E-02 LC-MS
230 | Chelilutine 1.69 2.44E-02 LC-MS
231 | allopurinol 1.69 1.23E-01 LC-MS
232 | Acetyl phosphate 1.68 9.03E-04 LC-MS
233 | L-Arabinonate 1.66 5.39E-03 LC-MS
234 | D-Mannose 1-phosphate 1.66 1.45E-03 LC-MS
235 | Glu-Met 1.65 1.70E-02 LC-MS
236 | D-Glucono-1,5-lactone 1.65 9.69E-02 LC-MS
237 | Pyridoxal phosphate 1.64 2.37E-03 LC-MS
238 | Phe-Asp 1.63 3.62E-02 LC-MS
239 | NAD+ 1.63 1.33E-02 LC-MS
240 | O-Propanoylcarnitine 1.62 5.64E-04 LC-MS
241 | (-)-Salsolinol 1.6 4.14E-02 LC-MS
242 | [FA (6:0)] 6-[3]-ladderane-1-hexanol 1.6 6.24E-02 LC-MS
243 | Allantoin 1.58 1.06E-02 LC-MS
244 | Uracil 1.58 3.06E-09 LC-MS
245 | Glu-Asp 1.58 4.83E-03 LC-MS
246 | 5-Acetamidopentanoate 1.57 3.02E-01 LC-MS
247 | beta-Alanine 1.57 1.04E-03 LC-MS
248 | [Fv Hydroxy,trimethoxy(9:1)] 4'- 1.57 1.41E-01 LC-MS
Hydroxy-5,6,7-trimethoxyflavanone
249 | Thr-Ala 1.55 9.28E-03 LC-MS
250 | Ala-Asp-Cys 1.54 1.64E-02 LC-MS
251 | Leucyl-leucine 1.54 6.02E-03 LC-MS
252 | Triethanolamine 1.54 2.31E-04 LC-MS
253 | L-Kynurenine 1.53 1.31E-03 LC-MS
254 | Leu-Val 1.52 7.32E-04 LC-MS
255 | Trimethylamine N-oxide 1.52 8.14E-05 LC-MS
256 | Val-val 1.52 9.12E-04 LC-MS
257 | Asp-Gly 1.5 9.75E-03 LC-MS
258 | 3-Amino-2-oxopropyl phosphate 1.49 8.31E-02 LC-MS
259 | Glu-Glu-Met 1.49 3.09E-02 LC-MS
260 | 5-Hydroxypentanoate 1.48 3.75E-04 LC-MS
261 | 2-monooleoylglycerol 1.47 4.87E-02 LC-MS
262 | Linamarin 1.47 2.25E-02 LC-MS
263 | 2-Phenylethanolglucuronide 1.46 9.32E-03 LC-MS
264 | (R)-AMAA 1.45 9.26E-03 LC-MS
265 | Vinylacetylglycine 1.45 6.39E-03 LC-MS
266 | 1-Methylnicotinamide 1.44 1.39E-01 LC-MS
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267 | Xanthosine 5'-phosphate 1.44 1.79E-01 LC-MS
268 | N-Acetyl-L-aspartate 1.42 1.21E-01 LC-MS
269 | Mevaldate 1.41 1.02E-02 LC-MS
270 | Sulfate 1.39 1.25E-02 LC-MS
271 | Chlorate 1.35 7.69E-02 LC-MS
272 | 5-Methylcytidine 1.33 2.19E-02 LC-MS
273 | gamma-Glutamyl-beta-cyanoalanine 1.33 3.25E-02 LC-MS
274 | Spermidine 1.32 7.42E-03 LC-MS
275 | Tyramine 1.32 2.85E-01 LC-MS
276 | HEPES 1.32 2.75E-01 LC-MS
277 | 4-Methylene-L-glutamine 1.31 2.43E-01 LC-MS
278 | 4-Guanidinobutanoate 1.31 1.94E-02 LC-MS
279 | Arg-Gln-Ser-Ser 1.31 2.72E-01 LC-MS
280 | N4-acetyl-N4-hydroxy-1-aminopropane | 1.29 4.29E-01 LC-MS
281 | [FA (14:0/2:0)] Tetradecanedioic acid | 1.29 1.51E-01 LC-MS
282 | 5-Hydroxyindoleacetate 1.28 9.99E-03 LC-MS
283 | Glutathione disulfide 1.28 3.27E-02 LC-MS
284 | CMP-N-acetylneuraminate 1.27 1.08E-01 LC-MS
285 | [FA methyl,hydroxy(5:0)] 3R-methyl- | 1.27 2.11E-01 LC-MS

3,5-dihydroxy-pentanoic acid
286 | Gamma-Aminobutyryl-lysine 1.26 1.44E-01 LC-MS
287 | N5-Ethyl-L-glutamine 1.25 2.60E-01 LC-MS
288 | L-Threonine 1.24 6.33E-02 LC-MS
289 | Cys-Gly 1.22 1.49E-01 LC-MS
290 | N-Acetyl-D-fucosamine 1.22 9.69E-02 LC-MS
291 | L-5-benzyl-hydantoin 1.21 6.06E-01 LC-MS
292 | [FA (20:4)] 52,82,11Z,14Z- | 1.2 3.13E-01 LC-MS

eicosatetraenoic acid
293 | N-Acetylserotonin 1.19 3.12E-01 LC-MS
294 | 2-Amino-4-hydroxy-6-(D-erythro- 1.18 3.90E-01 LC-MS

1,2,3-trihydroxypropyl)-7,8-

dihydropteridine
295 | 4-Oxocyclohexanecarboxylate 1.18 1.67E-01 LC-MS
296 | 2-Naphthylamine 1.18 2.00E-01 LC-MS
297 | 1-Aminocyclopropane-1-carboxylate 1.17 2.39E-01 LC-MS
298 | 2-C-Methyl-D-erythritol 4-phosphate 1.17 7.12E-01 LC-MS
299 | [SP 1.17 4.62E-01 LC-MS

hydroxy,hydroxy,methyl(10:2/2:0)]

6R-(8-hydroxydecyl)-2R-

(hydroxymethyl)-piperidin-3R-ol
300 | [FA hydroxy,oxo(7:0/2:0)] 4-hydroxy- | 1.17 5.51E-01 LC-MS

2-oxo-Heptanedioic acid
301 | (4E)-2-Oxohexenoic acid 1.17 4.23E-01 LC-MS
302 | [FA (7:0/2:0)] Heptanedioic acid 1.16 3.16E-01 LC-MS
303 | NG,NG-Dimethyl-L-arginine 1.16 4.99E-01 LC-MS
304 | Glu-Ser 1.16 5.67E-01 LC-MS
305 | Pseudouridine 1.15 2.13E-01 LC-MS
306 | L-Carnitine 1.15 2.99E-01 LC-MS
307 | Dodecanamide 1.15 3.87E-01 LC-MS
308 | (S)-3-Methyl-2-oxopentanoic acid 1.13 2.19E-01 LC-MS
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309 | N-Ethylglycocyamine 1.12 4.03E-01 LC-MS
310 | Furfural diethyl acetal 1.11 5.11E-01 LC-MS
311 | L-Serine 1.11 3.11E-01 LC-MS
312 | L-Citrulline 1.11 7.38E-01 LC-MS
313 | Tiglic acid 1.11 4.11E-01 LC-MS
314 | L-Histidine 1.11 6.77E-01 LC-MS
315 [FAd dioxo(8:0)] 4,7-dioxo-octanoic | 1.1 5.53E-01 LC-MS
aci
316 | Methylmalonate 1.1 4.58E-01 LC-MS
317 | Methyl cinnamate 1.09 6.52E-01 LC-MS
318 | 2-Hydroxyadenine 1.08 5.03E-01 LC-MS
319 | 6-Acetyl-D-glucose 1.08 6.08E-01 LC-MS
320 | (S)-2-Aminobutanoate 1.08 6.13E-01 LC-MS
321 | Deoxyadenosine 1.07 7.65E-01 LC-MS
322 | (R)-2-Hydroxyglutarate 1.07 7.72E-01 LC-MS
323 | L-thiazolidine-4-carboxylate 1.06 7.85E-01 LC-MS
324 | Taurocyamine 1.04 7.98E-01 LC-MS
325 | Cys-Cys-His-His 1.04 7.81E-01 LC-MS
326 | 2-Acetolactate 1.03 8.37E-01 LC-MS
327 | Orotidine 1.03 8.04E-01 LC-MS
328 | 3-Hydroxypropenoate 1.03 7.75E-01 LC-MS
329 | Canavanine 1.03 7.61E-01 LC-MS
330 | Succinate 1.01 9.73E-01 LC-MS
331 | (S)-2-Amino-3-(3-hydroxy-4-oxo-4H- 1 9.85E-01 LC-MS
pyridin-1-yl)propanoate
332 | di-n-Undecylamine 1 9.95E-01 LC-MS
333 | [PK] 6-Methylsalicylic acid 1 9.83E-01 LC-MS
334 | Cyclohex-2-enone 1 9.95E-01 GC-MS
335 | Glu-Leu-Thr-His -1 9.86E-01 LC-MS
336 | 1,3-benzenedisulfonate -1 9.79E-01 LC-MS
337 | L-cysteine sulfinate -1.01 9.58E-01 LC-MS
338 | 1-methylguanosine -1.01 9.42E-01 LC-MS
339 | Orthophosphate -1.01 9.45E-01 LC-MS
340 | [FA oxo(8:0)] 5-oxo-7-octenoic acid -1.01 9.31E-01 LC-MS
341 | 3-Methyleneoxindole -1.03 7.40E-01 LC-MS
342 | Adipate -1.03 8.19E-01 LC-MS
343 | His-Phe-Val-Pro -1.03 8.72E-01 LC-MS
344 | sodium chloride(aq) -1.04 8.92E-01 LC-MS
345 | [ST] (5Z,7E)-9,10-seco-5,7,10(19)- | -1.04 9.05E-01 LC-MS
cholestatriene
346 | Leu-Ala -1.04 8.26E-01 LC-MS
347 | Tributyl phosphate -1.04 7.99E-01 LC-MS
348 | 3,4-Dihydroxy-trans-cinnamate -1.04 8.10E-01 LC-MS
349 | D-Sorbitol -1.05 5.17E-01 LC-MS
350 | [FA oxo,amino(6:0)] 3-oxo-55-amino- | -1.06 6.67E-01 LC-MS
hexanoic acid
351 | N6,N6,N6-Trimethyl-L-lysine -1.06 7.77E-01 LC-MS
352 | Thr-Asp-Ser -1.06 7.33E-01 LC-MS
353 | D-Glycerate -1.06 6.75E-01 LC-MS

Appendix (Table 4)




206

354 | 2-Butyne-1,4-diol -1.07 5.56E-01 LC-MS
355 | MOPS -1.08 4.96E-01 LC-MS
356 | Homoarginine -1.08 7.58E-01 LC-MS
357 | 8-keto-7-aminoperlagonate -1.08 6.42E-01 LC-MS
358 | [FA (12:4/2:0)] 2E,4E,8E,10E- | -1.09 2.98E-01 LC-MS
Dodecatetraenedioic acid
359 | 3-Hydroxy-N6,N6,N6-trimethyl-L- -1.09 7.87E-01 LC-MS
lysine
360 | D-Xylulose -1.11 4.32E-01 LC-MS
361 | 3-Methoxy-4- -1.12 4.79E-01 LC-MS
hydroxyphenylethyleneglycol
362 | Miraxanthin-I -1.13 6.65E-01 LC-MS
363 | myristic amide -1.14 4.03E-01 LC-MS
364 | cis-(homo)2aconitate -1.14 2.16E-01 LC-MS
365 | N-Acetylisatin -1.15 4.24E-01 LC-MS
366 | Ethyl (R)-3-hydroxyhexanoate -1.15 2.04E-01 LC-MS
367 | L-2-Aminoadipate -1.16 1.96E-01 LC-MS
368 | L-Ornithine -1.17 5.28E-01 LC-MS
369 | [FA (24:6)] 4,8,12,15,19,21- | -1.18 1.57E-01 LC-MS
tetracosahexaenoic acid
370 | N-Acetyl-D-glucosamine 6-sulfate -1.18 3.45E-01 LC-MS
371 | N2-(D-1-Carboxyethyl)-L-arginine -1.18 4.03E-01 LC-MS
372 | Leu-Pro -1.19 2.68E-01 LC-MS
373 | Furfural -1.19 3.66E-01 LC-MS
374 | 3-Hydroxy-L-kynurenine -1.19 6.90E-01 LC-MS
375 | 2,3,5-Trihydroxytoluene -1.19 2.57E-01 LC-MS
376 | Deoxyribonolactone -1.2 1.92E-01 LC-MS
377 | phosphinomethylmalate -1.21 1.13E-01 LC-MS
378 | Ala-Asp-Ser -1.22 3.09E-01 LC-MS
379 | 2-Ethylhexyl phthalate -1.22 1.38E-01 LC-MS
380 | N-methyl glucamine -1.23 4.00E-01 LC-MS
381 | L-Lysine -1.23 1.93E-01 LC-MS
382 | N-(L-Arginino)succinate -1.23 1.59E-01 LC-MS
383 | [FA amino(11:0)] 11-amino- | -1.24 2.25E-01 LC-MS
undecanoic acid
384 | 2-acetamidoglucal -1.24 6.34E-02 LC-MS
385 | Methanesulfonic acid -1.26 2.75E-01 LC-MS
386 | Slaframine -1.26 1.10E-01 LC-MS
387 | N1-(5-Phospho-alpha-D-ribosyl)-5,6- -1.27 3.04E-01 LC-MS
dimethylbenzimidazole
388 | Phenylpyruvate -1.29 1.35E-01 LC-MS
389 | [ST hydrox] 3alpha,7alpha-Dihydroxy- | -1.29 2.10E-02 LC-MS
5beta-cholan-24-oic Acid
390 | Sulfoacetaldehyde -1.29 1.76E-01 LC-MS
391 | N3-(4-methoxyfumaroyl)-L-2,3- -1.29 7.76E-02 LC-MS
diaminopropanoate
392 | 2',3'-Cyclic CMP -1.3 1.99E-02 LC-MS
393 | Maltose -1.31 8.75E-02 LC-MS
394 | 2-Hydroxyethanesulfonate -1.33 5.70E-02 LC-MS
395 | Hexadecasphinganine -1.33 1.81E-01 LC-MS
396 | Monomethyl sulfate -1.37 1.46E-01 LC-MS
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397 | Heme -1.38 2.25E-01 LC-MS
398 | Stachydrine -1.39 1.87E-01 LC-MS
399 | N-Dimethyl-2-aminoethylphosphonate | -1.4 4,25E-02 LC-MS
400 | IAA-phenylalanine -1.41 2.08E-02 LC-MS
401 | 10-Hydroxydecanoic acid -1.43 2.97E-04 LC-MS
402 | Mercaptoethanol -1.44 2.39E-01 LC-MS
403 | Xanthine -1.47 1.76E-04 LC-MS
404 | 4-Hydroxy-L-threonine -1.49 2.77E-03 LC-MS
405 | Xanthosine -1.53 3.83E-04 LC-MS
406 | N-acetyl-(L)-arginine -1.53 3.81E-03 LC-MS
407 | N-Methylethanolamine phosphate -1.54 6.29E-02 LC-MS
408 | N2-(D-1-Carboxyethyl)-L-lysine -1.57 2.80E-02 LC-MS
409 | L-Glutamine -1.59 2.04E-03 LC-MS
410 | Glycodeoxycholate -1.6 9.74E-03 LC-MS
411 | 2-Phenylacetamide -1.67 6.71E-03 GC-MS
412 | gamma-Amino-gamma- -1.69 2.02E-04 LC-MS
cyanobutanoate
413 | D-Glucose -1.69 9.16E-02 LC-MS
414 | Creatinine -1.77 1.71E-03 LC-MS
415 | &gamma;-aminobutyramide -1.77 3.70E-04 LC-MS
416 | (S)-Methylmalonate semialdehyde -1.81 9.47E-04 LC-MS
417 | N-Acetyl-D-mannosamine -1.87 1.36E-03 LC-MS
418 | L-Glutamate 5-semialdehyde -1.87 1.49E-04 LC-MS
419 | L-Asparagine -1.88 1.12E-04 LC-MS
420 | Methyloxaloacetate -1.9 2.12E-04 LC-MS
421 | Urate -1.95 2.01E-02 LC-MS
422 | olomoucine 1.98 9.51E-04 LC-MS
423 | S-glutathionyl-L-cysteine -2.07 1.49E-01 LC-MS
424 | Ergothioneine -2.07 4.01E-04 LC-MS
425 | D-Lysine -2.13 3.82E-03 LC-MS
426 | Creatine -2.14 1.89E-03 LC-MS
427 | 3-sulfopropanoate -2.15 9.59E-06 LC-MS
428 | 2,7-Anhydro-alpha-N- -2.17 1.30E-04 LC-MS
acetylneuraminic acid
429 | Homostachydrine -2.64 1.37E-03 LC-MS
430 | 1-Methyladenosine -2.72 1.85E-05 LC-MS
431 | N5-(L-1-Carboxyethyl)-L-ornithine -2.8 5.71E-06 LC-MS
432 | Leu-Lys-Asp -2.99 2.70E-03 LC-MS
433 | L-Arginine -3.05 1.52E-06 LC-MS
434 | Orotate -3.27 7.45E-07 LC-MS
435 | N-Acetyl-D-glucosaminate -3.39 3.25E-09 LC-MS
436 | 3-beta-D-Galactosyl-sn-glycerol -3.62 7.84E-06 LC-MS
437 | myo-Inositol -3.74 1.02E-02 LC-MS
438 | Biotin -3.94 1.18E-06 LC-MS
439 | Hippurate -4.55 7.47E-08 LC-MS
440 | Glycyl-leucine -4.56 1.61E-08 LC-MS
441 | N-Methylnicotinate -4.69 5.59E-04 LC-MS
442 | 3,4',5-Trihydroxystilbene -5 3.03E-03 LC-MS
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443 | Glu-Cys-GIn-Gln -5.54 1.37E-06 LC-MS
444 | S-5-methylthiopentylhydroximoyl-L- -9.82 4.56E-08 LC-MS
cysteine
445 | dTTP -11.11 2.32E-07 LC-MS
446 | (S)-Dihydroorotate -11.57 9.64E-07 LC-MS
447 | N-Carbamoyl-L-aspartate -15.49 9.06E-06 LC-MS
448 | indole carboxyl thiazole -18.71 4.24E-08 LC-MS
449 | Met-Ala-Gly <25 fold 3.84E-07 LC-MS
450 | L-Noradrenaline <25 fold 1.33E-09 LC-MS
451 | Ala-Val-Pro-Ser <25 fold 1.63E-06 LC-MS
452 | Deoxycytidine <25 fold 1.82E-04 LC-MS
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Table 5 Putative metabolites (PMs) represented in

Figure 4-3 showing fold change in abundance in P. berghei gametocytes compared to P.
berghei schizonts. PMs are listed in order of decreasing abundance (metabolites identified
with authentic standards are highlighted bold)

No. | Metabolites Fold change P-Value Platform
(Gametocytes/
Schizonts)
1 2-Amino-4-hydroxy-6-(D-erythro-1,2,3- > 25 fold 5.66E-07 LC-MS
trihydroxypropyl)-7,8- dihydropteridine
2 2-Amino-4-hydroxy-6-hydroxymethyl-7,8- | > 25 fold 5.29E-04 LC-MS
dihydropteridine
3 Ala-Ser-Tyr > 25 fold 2.23E-07 | LC-MS
4 2-6dimethylheptanoylcarnitine > 25 fold 5.13E-04 LC-MS
5 N-Methylnicotinate > 25 fold 4.47E-12 LC-MS
6 Dihydrobiopterin > 25 fold 5.97E-07 LC-MS
7 Glu-Met > 25 fold 1.78E-05 LC-MS
8 Met-Ala-Asp > 25 fold 9.28E-06 LC-MS
9 cis-Aconitate > 25 fold 9.60E-08 LC-MS
10 | creatinine phosphate > 25 fold 2.09E-08 LC-MS
11 | Glu-Glu-Met > 25 fold 9.25E-06 LC-MS
12 | Deoxyinosine > 25 fold 2.21E-06 LC-MS
13 | Phosphocreatine > 25 fold 1.53E-07 | LC-MS
14 | [FA hydroxy(10:0)] N-(3S- > 25 fold 2.82E-04 | LC-MS
hydroxydecanoyl)-L-serine
15 | [FA oxo,amino(6:0)] 3-oxo0-55-amino- > 25 fold 5.61E-09 LC-MS
hexanoic acid
16 | Asp-Met-Asp-Gly > 25 fold 2.92E-05 LC-MS
17 | 1,2-dioctanoyl-1-amino-2,3-propanediol > 25 fold 2.25E-04 LC-MS
18 | L-Octanoylcarnitine > 25 fold 1.56E-04 LC-MS
19 | Taurocyamine > 25 fold 4.15E-06 LC-MS
20 | [SP] Sphing-4-enine-1-phosphate > 25 fold 3.36E-04 LC-MS
21 | [FA] O-Palmitoyl-R-carnitine > 25 fold 4.08E-04 LC-MS
22 | [FA (10:0)] O-decanoyl-R-carnitine > 25 fold 5.10E-04 LC-MS
23 | IAA-phenylalanine 22.74 2.68E-07 LC-MS
24 | Tetradecanoylcarnitine 22.31 3.36E-04 LC-MS
25 | (S)-2-Amino-3-(3-hydroxy-4-oxo-4H- 22.09 5.31E-04 | LC-MS
pyridin-1-yl)propanoate
26 | O-Propanoylcarnitine 21.84 1.97E-08 LC-MS
27 | 2-lsopropylmaleate 21.19 4.72E-07 LC-MS
28 | [FA (6:0)] O-hexanoyl-R-carnitine 19.8 3.23E-04 LC-MS
29 | N-Acetyl-L-glutamate 5-semialdehyde 18.22 1.97E-07 LC-MS
30 | D-perosamine 17.43 3.24E-05 LC-MS
31 | Hypoxanthine 15.58 4.25E-08 LC-MS
32 | Elaidiccarnitine 15.37 6.51E-04 LC-MS
33 | D-Ribitol 5-phosphate 15.06 1.24E-07 | LC-MS
34 | Inosine 14.98 7.36E-07 LC-MS
35 | 2,3-Dimethylmaleate 14.21 5.97E-07 LC-MS
36 | Isocitrate 14.05 2.08E-06 GC-MS
37 | 4-Hydroxy-2-butynal 14.04 1.84E-07 LC-MS
38 | L-Gulonate 12.99 5.96E-07 | LC-MS
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39 | Stachydrine 12.91 1.19E-05 LC-MS
40 | Ala-Asp-Cys 12.08 1.07E-05 LC-MS
41 | 2-Phenylethanolglucuronide 11.7 1.02E-07 LC-MS
42 | D-Gluconic acid 11.18 3.53E-07 | LC-MS
43 | O-Butanoylcarnitine 10.98 6.52E-05 LC-MS
44 | Trimethylamine N-oxide 10.83 3.61E-09 LC-MS
45 | Thr-Ala 10.71 3.52E-07 | LC-MS
46 | 6-Acetyl-D-glucose 8.45 1.58E-09 LC-MS
47 | S-5-methylthiopentylhydroximoyl-L- 8.33 2.24E-06 LC-MS
cysteine
48 | [PC (18:0)] 1-octadecanoyl-sn-glycero-3- | 8.31 4.45E-04 LC-MS
phosphocholine
49 | Glycine 8.12 3.27E-06 LC-MS
50 | N3-methylcytosine 7.95 1.23E-07 LC-MS
51 | Bis(glycerophospho)-glycerol 7.69 1.81E-05 LC-MS
52 | Thr-Thr-Ser 7.03 1.64E-08 LC-MS
53 | Diketogulonicacid 7.02 4.88E-07 | LC-MS
54 | Mesaconate 6.92 2.87E-06 LC-MS
55 | N-Ethylglycocyamine 6.88 4.09E-07 LC-MS
56 | glucosamine-1,6-diphosphate 6.31 5.96E-05 LC-MS
57 | L-Citrulline 6.24 4.08E-03 LC-MS
58 | DL-2-Aminooctanoicacid 6.17 4.78E-03 LC-MS
59 | Ergothioneine 6.15 2.48E-03 LC-MS
60 | N4-acetyl-N4-hydroxy-1-aminopropane 6.12 4.12E-03 LC-MS
61 | Malonate 5.99 1.06E-06 LC-MS
62 | Piperideine 5.55 1.01E-04 LC-MS
63 | sn-glycero-3-Phosphocholine 5.51 2.17E-10 LC-MS
64 | [GP (16:0)] 1-hexadecanoyl-2-sn-glycero- | 5.39 1.47E-03 LC-MS
3-phosphate
65 | (R)-Malate 5.33 1.99E-07 | LC-MS
66 | L-Carnitine 4.85 1.75E-07 | LC-MS
67 | Glu-Gly 4.81 1.52E-03 LC-MS
68 | 2-Carboxy-D-arabinitol 1-phosphate 4.66 2.94E-04 LC-MS
69 | O-Acetyl-L-homoserine 4.66 6.64E-05 LC-MS
70 | Orotidine 4.54 2.20E-07 | LC-MS
71 [PC (16:0)] 1-hexadecanoyl-sn-glycero-3- | 4.44 5.59E-04 LC-MS
phosphocholine
72 | gamma-L-Glutamyl-L-cysteine 4.19 2.02E-05 LC-MS
73 | gamma-Glutamyl-beta-cyanoalanine 4.15 1.10E-06 LC-MS
74 | Hypotaurine 3.9 1.92E-03 LC-MS
75 | D-Xylulose 3.89 1.30E-05 LC-MS
76 | 5-(chloromercuri)cytidine 3.77 1.11E-05 LC-MS
77 | Taurine 3.74 9.33E-07 | LC-MS
78 | 1-Methylnicotinamide 3.69 1.62E-03 LC-MS
79 | 4-Methylene-L-glutamine 3.48 1.58E-03 LC-MS
80 | LysoPC(17:0) 3.37 1.91E-03 LC-MS
81 | beta-D-Fructose 2,6-bisphosphate 3.3 1.93E-05 LC-MS
82 | N-Acetyllactosamine 3.21 6.66E-06 LC-MS
83 | Lotaustralin 2.98 3.10E-06 LC-MS
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84 | CMP-N-acetylneuraminate 2.98 3.62E-05 LC-MS
85 | beta-Alanine 2.89 2.31E-10 LC-MS
86 | Slaframine 2.82 4.82E-06 LC-MS
87 | Erythrulose 1-phosphate 2.8 1.59E-06 | LC-MS
88 | 4-Hydroxy-L-threonine 2.78 3.78E-06 LC-MS
89 | [PC (18:2)] 1-(9Z,12Z-octadecadienoyl)- 2.77 5.80E-03 LC-MS
sn-glycero-3-phosphocholine
90 | Cys-Gly 2.74 9.35E-09 LC-MS
91 L-Erythrulose 2.69 1.15E-04 LC-MS
92 | Aspartyl-L-proline 2.68 3.06E-03 LC-MS
93 | Glutathione disulfide 2.66 1.76E-06 LC-MS
94 | 3',5'-Cyclic AMP 2.61 6.64E-04 | LC-MS
95 | dTMP 2.55 6.57E-05 LC-MS
96 | D-Glucose 6-phosphate 2.53 1.85E-06 LC-MS
97 | N-(octanoyl)-L-homoserine 2.51 6.52E-04 LC-MS
98 | N2-Succinyl-L-ornithine 2.47 6.05E-07 LC-MS
99 | DL-Glyceraldehyde 3-phosphate 2.45 3.00E-03 LC-MS
100 | [ST hydroxy(3:0)] (5Z,7E)-(3S)-3-hydroxy- | 2.41 2.09E-02 LC-MS
9,10-seco-5,7,10(19)-cholatrien-24-oic
acid
101 | N-Carbamoyl-L-aspartate 2.4 7.01E-05 LC-MS
102 | D-myo-Inositol 1,2-cyclic phosphate 2.35 2.82E-05 GC-MS
103 | [ST trihydrox] 3Alpha,7Alpha,12Alpha- 2.32 2.10E-02 LC-MS
trihydroxy-5Beta-cholan-24-oic acid
104 | Asp-Ser-Ser 2.29 1.85E-02 LC-MS
105 | N-Acetyl-D-fucosamine 2.26 1.01E-08 LC-MS
106 | 4-Guanidinobutanoate 2.26 1.24E-05 LC-MS
107 | Pseudouridine 2.2 1.40E-05 LC-MS
108 | L-1-Pyrroline-3-hydroxy-5-carboxylate 2.2 1.06E-05 LC-MS
109 | Hydroxymethylphosphonate 2.15 3.67E-02 LC-MS
110 | D-Erythrose 4-phosphate 2.13 1.77E-03 LC-MS
111 | L-Alanine 2.1 5.40E-06 LC-MS
112 | Allantoin 2.08 6.66E-04 LC-MS
113 | 1-Aminocyclopropane-1-carboxylate 2.03 5.77E-05 LC-MS
114 | Orotate 2.03 5.97E-02 LC-MS
115 | 4-Hydroxybenzoate 2.02 2.83E-01 LC-MS
116 | D-Mannose 1-phosphate 2.01 9.48E-05 LC-MS
117 | dAMP 1.94 3.29E-02 LC-MS
118 | 3-sulfopropanoate 1.92 1.18E-02 LC-MS
119 | [SP] Sphinganine-1-phosphate 1.89 3.65E-02 LC-MS
120 | &alpha;-(2,6-anhydro-3-deoxy-D-arabino- | 1.89 9.65E-04 LC-MS
heptulopyranosid)onate 7-phosphate
121 | [FA hydroxy(18:2)] 9S-hydroxy-10E,12Z- 1.88 1.88E-02 LC-MS
octadecadienoic acid
122 | 5-Methylcytidine 1.88 1.44E-02 LC-MS
123 | Glu-Asp 1.87 7.04E-04 | LC-MS
124 | 2-Phenylacetamide 1.86 1.30E-02 GC-MS
125 | Sedoheptulose 7-phosphate 1.85 7.75E-03 LC-MS
126 | Leu-Thr 1.77 2.80E-04 | LC-MS
127 | 2-hydroxysuccinamate 1.75 6.46E-02 LC-MS
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128 | Asp-Asp 1.74 1.40E-04 LC-MS
129 | 1-Oleoylglycerophosphocholine 1.68 7.84E-02 LC-MS
130 | Malate 1.66 1.75E-03 LC-MS
131 | allopurinol 1.61 2.06E-01 LC-MS
132 | L-thiazolidine-4-carboxylate 1.61 5.83E-02 LC-MS
133 | sn-glycero-3-Phosphoethanolamine 1.61 2.16E-01 LC-MS
134 | N-Methylethanolamine phosphate 1.61 2.43E-02 LC-MS
135 | cis-(homo)2aconitate 1.61 1.66E-02 LC-MS
136 | [ST] (5Z,7E)-9,10-seco-5,7,10(19)- 1.6 2.33E-01 LC-MS
cholestatriene
137 | Choline 1.6 2.37E-05 LC-MS
138 | Chlorate 1.57 1.67E-02 LC-MS
139 | Miraxanthin-I 1.55 3.13E-01 LC-MS
140 | Leu-Pro 1.53 1.72E-02 LC-MS
141 | Aminopropylcadaverine 1.53 1.53E-02 LC-MS
142 | succinamate 1.53 1.28E-01 LC-MS
143 | 2-Aminoacrylate 1.52 1.53E-01 LC-MS
144 | Fructoselysine 6-phosphate 1.5 1.96E-02 LC-MS
145 | (R)-S-Lactoylglutathione 1.45 1.28E-01 LC-MS
146 | N-acetyl-(L)-arginine 1.45 6.46E-05 LC-MS
147 | Homostachydrine 1.45 6.79E-03 LC-MS
148 | L-Cystathionine 1.44 3.42E-02 LC-MS
149 | Spermidine 1.43 1.06E-02 LC-MS
150 | 3-Hydroxy-N6,N6,N6-trimethyl-L-lysine 1.42 3.97E-02 LC-MS
151 | N-Acetyl-D-mannosamine 1.42 2.05E-01 LC-MS
152 | UDP-N-acetyl-D-glucosamine 1.42 9.29E-02 LC-MS
153 | 2-Deoxy-D-ribose 5-phosphate 1.41 7.65E-03 LC-MS
154 | Prenyl-L-cysteine 1.4 2.30E-01 LC-MS
155 | Chelilutine 1.4 1.31E-01 LC-MS
156 | N-hydroxy-N-isopropyloxamate 1.39 2.00E-01 LC-MS
157 | 2-C-Methyl-D-erythritol 4-phosphate 1.38 4.41E-01 LC-MS
158 | Guanosine 1.38 2.05E-01 LC-MS
159 | N-Acetyl-D-glucosamine 6-phosphate 1.36 2.37E-01 LC-MS
160 | di-n-Undecylamine 1.36 3.37E-01 LC-MS
161 | Tyramine 1.34 2.60E-01 LC-MS
162 | L-Aspartate 1.32 5.11E-02 LC-MS
163 | N-Acetyl-L-aspartate 1.28 3.24E-01 LC-MS
164 | [FA trihydroxy(4:0)] 2,3,4-trihydroxy- 1.28 4.35E-02 LC-MS
butanoic acid
165 | Leucyl-leucine 1.27 1.31E-01 LC-MS
166 | D-Ribose 5-phosphate 1.27 2.74E-01 LC-MS
167 | (4E)-2-Oxohexenoic acid 1.27 3.38E-01 LC-MS
168 | 3-Methoxy-4- 1.26 2.71E-01 LC-MS
hydroxyphenylethyleneglycol
169 | L-Serine 1.26 9.32E-02 LC-MS
170 | Triethanolamine 1.26 2.80E-01 LC-MS
171 | Pyridoxal phosphate 1.25 9.83E-02 LC-MS
172 | N-Acetylserotonin 1.24 2.97E-01 LC-MS
173 | 3-Phosphoglycerate 1.22 2.27E-01 LC-MS
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174 | 3-Hydroxypropenoate 1.22 1.21E-02 LC-MS
175 | D-Aspartate 1.2 1.87E-01 LC-MS
176 | 2,3,5-Trihydroxytoluene 1.19 3.92E-01 LC-MS
177 | Deoxyadenosine 1.19 3.79E-01 LC-MS
178 | N-Acetylneuraminate 1.18 2.75E-01 LC-MS
179 | Creatine 1.18 5.78E-01 LC-MS
180 | [FA (12:4/2:0)] 2E,4E,8E,10E- 1.17 1.08E-01 LC-MS
Dodecatetraenedioic acid
181 | GammaGlutamylglutamicacid 1.17 4.45E-01 LC-MS
182 | allylcysteine 1.17 4.79E-01 LC-MS
183 | D-Tryptophan 1.17 5.63E-01 LC-MS
184 | 4-Oxocyclohexanecarboxylate 1.16 3.28E-01 LC-MS
185 | 3-Methyleneoxindole 1.15 1.19E-01 LC-MS
186 | 2-Butyne-1,4-diol 1.15 5.08E-02 LC-MS
187 | sn-Glycerol 3-phosphate 1.12 6.17E-01 LC-MS
188 | [PK] 6-Methylsalicylic acid 1.1 4.18E-01 LC-MS
189 | Ala-Leu-Lys-Pro 1.1 5.62E-01 LC-MS
190 | Thiomorpholine 3-carboxylate 1.1 6.60E-01 LC-MS
191 | L-cysteine sulfinate 1.09 4.05E-01 LC-MS
192 | N-Acetyl-D-glucosaminate 1.09 7.51E-01 LC-MS
193 | [FA (14:0/2:0)] Tetradecanedioic acid 1.09 6.31E-01 LC-MS
194 | Dodecanamide 1.08 6.58E-01 LC-MS
195 | Pyrimidine nucleoside 1.08 7.57E-01 LC-MS
196 | 10-Hydroxydecanoic acid 1.07 5.60E-01 LC-MS
197 | MOPS 1.07 3.62E-01 LC-MS
198 | 2-Acetolactate 1.07 6.46E-01 LC-MS
199 | Guanine 1.07 8.26E-01 LC-MS
200 | Val-Asp-Gly 1.07 7.57E-01 LC-MS
201 | Glycerone phosphate 1.06 6.42E-01 LC-MS
202 | Methylmalonate 1.06 6.10E-01 LC-MS
203 | L-Proline 1.05 6.36E-01 LC-MS
204 | D-Sedoheptulose 1,7-bisphosphate 1.05 7.63E-01 LC-MS
205 | 2-monooleoylglycerol 1.04 8.38E-01 LC-MS
206 | [FA dioxo(8:0)] 4,7-dioxo-octanoic acid 1.03 8.52E-01 LC-MS
207 | D-Threose 1.03 8.28E-01 LC-MS
208 | Phenylpyruvate 1.03 8.99E-01 LC-MS
209 | hydrogen iodide 1.02 8.96E-01 LC-MS
210 | Thr-Ala-Asp 1.02 9.43E-01 LC-MS
211 | 3,4-Dihydroxy-trans-cinnamate 1.02 9.49E-01 LC-MS
212 | Ala-Ser 1.01 9.50E-01 LC-MS
213 | (R)-2-Hydroxyglutarate 1 9.90E-01 LC-MS
214 | Tributyl phosphate -1.01 9.65E-01 LC-MS
215 | L-Methionine S-oxide -1.02 9.55E-01 LC-MS
216 | Methyl cinnamate -1.03 9.15E-01 LC-MS
217 | Furfural diethyl acetal -1.03 8.86E-01 LC-MS
218 | 2-Naphthylamine -1.03 7.74E-01 LC-MS
219 | 2-Hydroxyethanesulfonate -1.04 7.07E-01 LC-MS
220 | Cyclohex-2-enone -1.04 8.74E-01 GC-MS
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221 | N-Acetylisatin -1.05 7.81E-01 LC-MS
222 | N-(L-Arginino)succinate -1.06 7.19E-01 LC-MS
223 | [FA methyl,hydroxy(5:0)] 3R-methyl-3,5- | -1.06 7.55E-01 LC-MS
dihydroxy-pentanoic acid
224 | L-5-benzyl-hydantoin -1.06 6.77E-01 LC-MS
225 | Cytidine -1.08 7.96E-01 LC-MS
226 | Glu-Val -1.08 3.56E-01 LC-MS
227 | D-Alanyl-D-alanine -1.08 6.46E-01 LC-MS
228 | D-Glucose -1.08 7.50E-01 LC-MS
229 | [FA oxo(8:0)] 5-oxo0-7-octenoic acid -1.08 7.48E-01 LC-MS
230 | Fumarate -1.08 5.29E-01 LC-MS
231 | Hexadecasphinganine -1.09 6.66E-01 LC-MS
232 | 2-Ethylhexyl phthalate -1.1 5.76E-01 LC-MS
233 | 2',3'-Cyclic CMP -1.1 7.24E-01 LC-MS
234 | Ethyl (R)-3-hydroxyhexanoate -1.1 1.41E-01 LC-MS
235 | CPA(18:1(11Z)/0:0) -1.1 7.98E-01 LC-MS
236 | Asn-Asn-Asp -1.13 5.41E-01 LC-MS
237 | N2-Acetyl-L-aminoadipate -1.13 5.31E-01 LC-MS
238 | Phe-Pro -1.13 4.58E-01 LC-MS
239 | Acetyl phosphate -1.14 3.75E-01 LC-MS
240 | L-Threonine -1.14 4.47E-01 LC-MS
241 | Furfural -1.14 4.69E-01 LC-MS
242 | O-Phospho-L-serine -1.14 6.62E-01 LC-MS
243 | [FA amino(11:0)] 11-amino-undecanoic -1.14 6.48E-01 LC-MS
acid
244 | Asp-Gly -1.15 2.81E-01 LC-MS
245 | myristic amide -1.15 6.03E-01 LC-MS
246 | Methanesulfonic acid -1.15 4.70E-01 LC-MS
247 | N-Acetylglutamine -1.16 5.11E-01 LC-MS
248 | 5-6-Dihydrouridine -1.17 3.41E-01 LC-MS
249 | Deoxyribonolactone -1.17 2.20E-01 LC-MS
250 | L-Arabinonate -1.18 1.80E-01 LC-MS
251 | AMP -1.18 5.03E-01 LC-MS
252 | P-DPD -1.18 3.17E-01 LC-MS
253 | Monomethyl sulfate -1.2 6.49E-01 LC-MS
254 | Gamma-Aminobutyryl-lysine -1.2 2.62E-01 LC-MS
255 | Linamarin -1.23 2.18E-01 LC-MS
256 | Ala-Asp-Asp -1.23 2.02E-01 LC-MS
257 | Vinylacetylglycine -1.25 1.96E-01 LC-MS
258 | L-Fucose 1-phosphate -1.27 2.33E-01 LC-MS
259 | Canavanine -1.27 5.01E-03 LC-MS
260 | Orthophosphate -1.27 5.76E-03 LC-MS
261 | Val-vVal -1.27 2.04E-01 LC-MS
262 | [FA (24:6)] 4,8,12,15,19,21- -1.28 3.88E-02 LC-MS
tetracosahexaenoic acid
263 | S-Methyl-L-methionine -1.29 3.59E-01 LC-MS
264 | Glycyl-leucine -1.31 6.85E-03 LC-MS
265 | [ST hydrox] 3alpha,7alpha-Dihydroxy- -1.33 4.75E-03 LC-MS

5beta-cholan-24-oic Acid
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266 | 3-beta-D-Galactosyl-sn-glycerol -1.34 7.50E-01 LC-MS
267 | Homoarginine -1.34 1.61E-01 LC-MS
268 | Glu-Thr -1.35 2.96E-01 LC-MS
269 | Leukotriene B4 -1.37 1.91E-01 LC-MS
270 | 2-acetamidoglucal -1.39 1.06E-02 LC-MS
271 | [FA hydroxy(20:4)] 15S-hydroxy- -1.39 1.96E-01 LC-MS
57,8Z,11Z,13E-eicosatetraenoic acid
272 | N5-(L-1-Carboxyethyl)-L-ornithine -1.4 6.25E-01 LC-MS
273 | (R)-AMAA -1.41 5.28E-02 LC-MS
274 | [SP hydroxy,hydroxy,methyl(10:2/2:0)] -1.41 1.78E-01 LC-MS
6R-(8-hydroxydecyl)-2R-(hydroxymethyl)-
piperidin-3R-ol
275 | 5-Hydroxypentanoate -1.41 4.98E-04 LC-MS
276 | Maltose -1.42 1.35E-04 | LC-MS
277 | Mercaptoethanol -1.43 2.14E-01 LC-MS
278 | Glu-Leu-Thr-His -1.44 2.58E-04 LC-MS
279 | 3-Hydroxy-L-kynurenine -1.45 2.66E-02 LC-MS
280 | Sucrose -1.45 1.32E-01 LC-MS
281 | olomoucine -1.46 2.33E-01 LC-MS
282 | N-Formimino-L-glutamate -1.48 6.79E-02 LC-MS
283 | (S)-Dihydroorotate -1.48 2.10E-01 LC-MS
284 | Cys-Cys-His-His -1.53 3.29E-05 LC-MS
285 | L-Tyrosine methyl ester -1.54 6.20E-02 LC-MS
286 | (-)-Salsolinol -1.54 1.50E-01 LC-MS
287 | CMP -1.57 5.98E-02 LC-MS
288 | Pyrimidine 5'-deoxynucleotide -1.57 1.13E-02 LC-MS
289 | 8-keto-7-aminoperlagonate -1.58 7.04E-02 LC-MS
290 | UMP -1.59 1.78E-01 GC-MS
291 | Adipate -1.6 1.18E-03 LC-MS
292 | N-Acetyl-D-glucosamine 6-sulfate -1.6 4.83E-02 LC-MS
293 | Leu-Ala -1.6 5.06E-02 LC-MS
294 | 2,7-Anhydro-alpha-N-acetylneuraminic -1.61 1.00E-01 LC-MS
acid
295 | gamma-Amino-gamma-cyanobutanoate -1.61 3.22E-02 LC-MS
296 | Glycerophosphoglycerol -1.62 1.32E-02 LC-MS
297 | Sulfate -1.62 3.26E-03 LC-MS
298 | His-Phe-Val-Pro -1.62 4.59E-04 LC-MS
299 | 3-Amino-2-oxopropyl phosphate -1.64 4.43E-01 LC-MS
300 | L-Glutamine -1.65 2.33E-02 LC-MS
301 | N5-Ethyl-L-glutamine -1.65 6.71E-03 LC-MS
302 | Glu-Met-Thr -1.66 3.55E-02 LC-MS
303 | sodium chloride(aq) -1.67 2.97E-03 LC-MS
304 | Glu-Leu -1.68 1.74E-02 LC-MS
305 | D-Glycerate -1.71 1.59E-03 LC-MS
306 | Gamma-Glutamylglutamine -1.73 1.26E-02 LC-MS
307 | &gamma;-aminobutyramide -1.73 2.14E-02 LC-MS
308 | (S)-3-Methyl-2-oxopentanoic acid -1.74 4.29E-03 LC-MS
309 | Leu-Asn-Asp -1.75 3.59E-03 LC-MS
310 | Heme -1.75 5.96E-02 LC-MS
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311 | Urate -1.75 5.98E-02 LC-MS
312 | Phosphonoacetaldehyde -1.76 3.83E-03 LC-MS
313 | Leu-Val -1.76 1.43E-01 LC-MS
314 | 5-Acetamidopentanoate -1.8 6.42E-02 LC-MS
315 | N3-(4-methoxyfumaroyl)-L-2,3- -1.84 3.10E-01 LC-MS
diaminopropanoate
316 | (S)-AMPA -1.85 9.28E-03 LC-MS
317 | Cryogenine -1.85 1.26E-02 LC-MS
318 | dTDP-3-amino-2,3,6-trideoxy-D-threo- 1.86 1.01E-04 LC-MS
hexopyranos-4-ulose
319 | Thr-Asp-Ser -1.88 1.98E-03 LC-MS
320 | (S)-Methylmalonate semialdehyde -1.92 7.49E-02 LC-MS
321 | Glu-Pro -1.93 1.41E-02 LC-MS
322 | Methyloxaloacetate -1.94 7.08E-02 LC-MS
323 | [FA (18:1)] 9Z-octadecenamide -1.97 5.33E-01 LC-MS
324 | 4,5-seco-dopa -1.97 2.98E-03 LC-MS
325 | L-Glutamate -1.98 6.09E-04 | LC-MS
326 | Acetylcholine -1.98 1.75E-02 LC-MS
327 | 4,6-Dideoxy-4-oxo-dTDP-D-glucose -2 7.42E-02 LC-MS
328 | D-Mannosylglycoprotein -2.03 1.04E-03 LC-MS
329 | Creatinine -2.07 2.66E-03 LC-MS
330 | N-methyl glucamine -2.09 2.79E-02 LC-MS
331 | 1,3-benzenedisulfonate -2.09 2.23E-06 LC-MS
332 | Arg-Gln-Ser-Ser -2.12 4.17E-03 LC-MS
333 | DL-&beta;-hydroxynorvaline -2.16 1.18E-04 LC-MS
334 | D-Glucuronate 1-phosphate -2.2 7.65E-04 LC-MS
335 | Sorbitol 6-phosphate -2.2 3.59E-03 LC-MS
336 | L-Lysine -2.24 8.66E-04 | LC-MS
337 | L-Hypoglycin -2.24 2.16E-07 | LC-MS
338 | Ala-Asp-Ser -2.24 2.66E-02 LC-MS
339 | Tiglic acid -2.28 3.74E-04 | LC-MS
340 | D-Lysine -2.28 4.34E-03 LC-MS
341 | Choline phosphate -2.29 2.69E-03 LC-MS
342 | (1-Ribosylimidazole)-4-acetate -2.29 2.13E-02 LC-MS
343 | [SP] 3-dehydrosphinganine -2.3 1.10E-02 LC-MS
344 | L-2-Aminoadipate -2.3 1.19E-05 LC-MS
345 | CDP-ethanolamine -2.33 1.55E-02 LC-MS
346 | Met-Ser -2.33 8.41E-04 | LC-MS
347 | N-Acetyl-aspartyl-glutamate -2.33 1.56E-03 LC-MS
348 | Ethanolamine phosphate -2.35 1.29E-02 LC-MS
349 | [FA (7:0/2:0)] Heptanedioic acid -2.36 6.15E-04 LC-MS
350 | Palmiticamide -2.36 4.79E-01 LC-MS
351 | Cytidine 2'-phosphate -2.37 1.34E-02 LC-MS
352 | Hypusine -2.42 8.14E-04 | LC-MS
353 | N-(Carboxyaminomethyl)urea -2.5 1.16E-04 LC-MS
354 | 3,4,5-Trihydroxystilbene -2.5 1.65E-01 LC-MS
355 | Fructoselysine -2.55 5.99E-04 LC-MS
356 | Lys-Tyr -2.55 2.62E-02 LC-MS
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357 | [FA (6:0)] 6-[3]-ladderane-1-hexanol -2.56 2.52E-01 LC-MS
358 | Pyridoxamine phosphate -2.6 1.77E-04 LC-MS
359 | HEPES -2.61 4.02E-08 LC-MS
360 | Sulfoacetaldehyde -2.61 2.21E-04 LC-MS
361 | N-Ribosylnicotinamide -2.63 5.90E-04 LC-MS
362 | [FA (18:2)] 9,12-octadecadienal -2.64 2.77E-01 LC-MS
363 | myo-Inositol -2.66 4.82E-05 LC-MS
364 | 2,3,4,5-Tetrahydrodipicolinate -2.68 7.94E-04 LC-MS
365 | Met-Thr-Asp -2.68 4.29E-05 LC-MS
366 | 4-Acetamidobutanoate -2.75 2.25E-05 LC-MS
367 | GMP -2.78 3.81E-04 | LC-MS
368 | Putrescine -2.79 2.79E-05 LC-MS
369 | Ala-Leu-Asn-Ser -2.83 8.83E-03 LC-MS
370 | CDP-choline -2.84 1.94E-02 LC-MS
371 | Ala-Cys -2.91 7.81E-04 | LC-MS
372 | L-Asparagine -2.91 1.86E-06 LC-MS
373 | Phe-Asp -2.91 5.27E-04 | LC-MS
374 | Uridine -2.93 7.64E-04 | LC-MS
375 | Succinate -3.04 1.83E-04 | LC-MS
376 | L-Kynurenine -3.06 6.92E-06 LC-MS
377 | 5-Hydroxyindoleacetate -3.19 2.71E-06 LC-MS
378 | gamma-L-Glutamyl-L-cysteinyl-beta- -3.23 1.58E-04 LC-MS
alanine
379 | N1-Acetylspermidine -3.25 2.60E-05 LC-MS
380 | Pro-Pro -3.32 1.95E-02 LC-MS
381 | Methylimidazoleacetic acid -3.37 4.34E-06 LC-MS
382 | Arg-Cys-Ser-Tyr -3.37 3.39E-02 LC-MS
383 | IMP -3.39 2.32E-03 LC-MS
384 | Sedoheptulose -3.42 5.76E-05 LC-MS
385 | N-Dimethyl-2-aminoethylphosphonate -3.44 4.70E-04 LC-MS
386 | [FA (20:4)] 5Z,8Z,11Z,14Z- -3.51 4.08E-03 LC-MS
eicosatetraenoic acid
387 | (S)-2-Aminobutanoate -3.54 6.97E-02 LC-MS
388 | NAD+ -3.64 5.72E-04 | LC-MS
389 | alpha-aminopimelate -3.72 1.45E-05 LC-MS
390 | &alpha;-methylhistidine -3.75 2.19E-02 LC-MS
391 | 3-Oxopropanoate -3.82 4.19E-05 LC-MS
392 | S-glutathionyl-L-cysteine -3.87 1.66E-04 LC-MS
393 | Xylitol -3.87 2.31E-02 LC-MS
394 | Adenosine -3.94 1.17E-05 LC-MS
395 | [FA hydroxy,oxo(7:0/2:0)] 4-hydroxy-2- -3.97 2.81E-03 LC-MS
oxo-Heptanedioic acid
396 | N6-Methyl-L-lysine -4.01 2.26E-05 LC-MS
397 | siroamide -4.03 9.37E-05 LC-MS
398 | sn-glycero-3-Phospho-1-inositol -4.13 6.84E-05 LC-MS
399 | Phosphoribosyl-AMP -4.18 8.00E-06 LC-MS
400 | Glycocholate -4.37 4.35E-05 LC-MS
401 | Retronecine -4.38 1.95E-07 LC-MS
402 | L-Tryptophan -4.38 1.37E-04 | LC-MS
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403 | N6,N6,N6-Trimethyl-L-lysine -4.43 1.64E-06 LC-MS
404 | Uracil -4.54 2.43E-04 | LC-MS
405 | Hippurate -4.58 2.10E-05 LC-MS
406 | Leu-Lys-Asp -4.62 2.19E-02 LC-MS
407 | CMP-N-trimethyl-2- -4.76 6.51E-04 | LC-MS
aminoethylphosphonate
408 | Xanthosine -4.77 1.03E-04 LC-MS
409 | NG,NG-Dimethyl-L-arginine -4.79 4.45E-05 LC-MS
410 | L-Arginine -4.79 5.02E-08 LC-MS
411 | Mevaldate -4.82 2.08E-05 LC-MS
412 | [Fv Hydroxy,trimethoxy(9:1)] 4'-Hydroxy- | -5.2 6.93E-04 LC-MS
5,6,7-trimethoxyflavanone
413 | Glu-Asp-Pro -5.22 3.47E-06 LC-MS
414 | N1-(5-Phospho-alpha-D-ribosyl)-5,6- -5.26 7.02E-03 LC-MS
dimethylbenzimidazole
415 | Glu-Ser -5.32 1.49E-02 LC-MS
416 | CMP-2-aminoethylphosphonate -5.36 2.99E-05 LC-MS
417 | Biotin -5.47 3.10E-07 | LC-MS
418 | L-Glutamate 5-semialdehyde -5.69 8.28E-06 LC-MS
419 | Phenylacetylglycine -5.84 2.00E-05 LC-MS
420 | Xanthine -5.85 4.33E-06 LC-MS
421 | Lys-Pro -5.96 2.73E-05 LC-MS
422 | N2-(D-1-Carboxyethyl)-L-lysine -5.98 1.72E-05 LC-MS
423 | Glu-Cys-GIn-Gln -6.16 4.58E-06 LC-MS
424 | L-Tyrosine -6.48 7.87E-05 LC-MS
425 | Propanoyl phosphate -6.63 1.26E-05 LC-MS
426 | Glu-Glu-Gln-Pro -6.73 6.63E-06 LC-MS
427 | Betaine -6.84 1.86E-05 LC-MS
428 | L-Phenylalanine -6.98 2.61E-05 LC-MS
429 | gamma-Glutamyl-gamma- -7.05 3.61E-04 LC-MS
aminobutyraldehyde
430 | Ala-Pro -7.15 7.11E-06 LC-MS
431 | D-4'-Phosphopantothenate -7.64 3.95E-04 LC-MS
432 | Ala-Ala-Ala -7.89 1.78E-03 LC-MS
433 | Arg-Lys-Ser-Ser -8.23 2.35E-07 LC-MS
434 | Cys-Met-Ser-His -8.4 4.31E-08 LC-MS
435 | D-Methionine -8.42 3.16E-05 LC-MS
436 | Asn-Pro -8.66 4.67E-05 LC-MS
437 | Cys-Glu-Glu-Pro 9.2 7.82E-08 LC-MS
438 | Xanthosine 5'-phosphate -9.28 9.97E-04 LC-MS
439 | Ala-Lys-Met-Gln -9.36 1.10E-07 | LC-MS
440 | Lactate -9.9 6.59E-05 LC-MS
441 | N(pi)-Methyl-L-histidine -9.91 1.47E-03 LC-MS
442 | D-Sorbitol -10.25 4.87E-07 | LC-MS
443 | Adenine -10.8 8.48E-05 LC-MS
444 | Piperidine -11.07 1.98E-05 LC-MS
445 | Ala-Leu-His-His -11.1 1.21E-07 | LC-MS
446 | Glycylproline -11.25 3.49E-04 LC-MS
447 | Sphinganine -11.63 1.38E-03 LC-MS
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448 | 1-methylguanosine -12.57 8.79E-06 LC-MS
449 | 2-Hydroxyadenine -13.14 1.56E-05 LC-MS
450 | ADPribose 2'-phosphate -13.32 2.98E-06 LC-MS
451 | 5'-Methylthioadenosine -13.36 3.22E-04 | LC-MS
452 | L-Histidine -14.71 1.64E-04 | LC-MS
453 | Proclavaminic acid -15.02 2.09E-03 LC-MS
454 | Folate -16.57 4.10E-06 LC-MS
455 | phosphinomethylmalate -17.86 7.66E-08 LC-MS
456 | Ala-Gly-Pro -18.19 1.94E-03 LC-MS
457 | L-Ornithine -18.75 1.45E-06 LC-MS
458 | Trp-Pro -20.44 3.46E-06 LC-MS
459 | Glycodeoxycholate -21.9 1.10E-05 LC-MS
460 | 2',3'-Cyclic UMP <25 fold 2.42E-03 LC-MS
461 | Nalpha-Methylhistidine <25 fold 1.00E-05 LC-MS
462 | L-Rhamnose <25 fold 8.06E-06 LC-MS
463 | S-Adenosyl-L-methionine <25 fold 3.18E-04 LC-MS
464 | N2-(D-1-Carboxyethyl)-L-arginine <25 fold 1.76E-05 LC-MS
465 | L-rhamnitol <25 fold 2.91E-07 | LC-MS
466 | [ST hydrox] N-(3alpha,7alpha-dihydroxy- | <25 fold 7.00E-06 LC-MS
5beta-cholan-24-oyl)-taurine
467 | Deoxycytidine <25 fold 9.19E-05 LC-MS
468 | (S)-ATPA <25 fold 8.75E-05 LC-MS
469 | 1-(5-Phosphoribosyl)imidazole-4-acetate | <25 fold 3.21E-06 LC-MS
470 | Phe-Asp-Gln <25 fold 3.30E-04 | LC-MS
471 | Carnosine <25 fold 4.08E-06 LC-MS
472 | L-Noradrenaline <25 fold 1.08E-05 LC-MS
473 | Volemitol <25 fold 1.06E-05 LC-MS
474 | Riboflavin <25 fold 2.77E-05 LC-MS
475 | 3-(Pyrazol-1-yl)-L-alanine <25 fold 5.23E-08 LC-MS
476 | Glu-Phe-Cys-Cys <25 fold 3.17E-05 LC-MS
477 | DL-Methionine sulfone <25 fold 2.06E-05 LC-MS
478 | N-Acetyl-L-histidine <25 fold 4.39E-07 | LC-MS
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Table 6 List of Primers used for PCR

Primer

Sequence

GU2051

GATAATGTCCTACTTTTTCTTTG

GU2052

TATATAGCTGCTTGAGACAC

GU2053

GCAAAATACCGGATAACTC

GU2054

TTTAGGAAACCAATCAAAGAG

GU2057

GGGCTTTATACTATTTTTTTGTC

GU2058

TATCGTGGTAGAGTAAAACTG

GU2059

CATGATTTATCCGAAAAATATAGTG

GU2060

GTGCTTTATATACATATACAACAC

GU2198

GGAATTATAATTCTTAACCCTAACATTTTAACCTCTC

GU2199

CTTGTCGTATATGCACTCGGTGTTGG

GU2200

CCTTAAAATGGATAGTCAAATTGATCGTACACAACTAA

GU2201

CATCTCTAATTCGTTAGAATTTATTATAGACTACG

GU2278

CCACTGTAATCATAGAACAGTTCAACTAC

GU2279

CAAGATTAGTACACATTGGATTAATGGG

GU2280

CATTAATAGGAAGTGGCCAAATAGGG

GU2281

GATAGCAAGCTTGTTCTTCTTCTGTC

GU2190

CCTTTTCCTTTTGTTTTATCCATCCATTTA

GU2191

AATCTCAAATTGTGAAATAAACAATAAAAAATTTTGTC

GU2192

CTGAGTTCTGTATTTACTTTCATAAGTTTTTAAACG

GU2193

CCCACATAAGTAAATATACATACACATATTATTATGC

GU2286

CTTAAATTAGCATTACTGCGTACATCCC

GU2610

GAGCTAGCTGAAAGTTGCAAT

GU2288

GATGAAGAATTACACAAAAAATACAATGAATTATGC

GU2289

GTGAAATATCTTCTTCATAATTAAGGATGC

GU2194

GATGCTCTCTCGTATATCCGTTTAAATTAC

GU2195

GCTAGCTATGAATTTTAGTTGATAGATTTTTTATTTG

GU2196

GAATACATTGAGTTTAACGGAACTCAATTTAATAGCC

GU2197

GCATGCAATATTGGCAATACATGAAAACGAATTAATAT

GU2282

GCACCCATATTTATATCAACATTTCTATCAG

GU2283

GCACAATTTTACATATCGATATATGTACAATG

GU2284

GTATTGGGTTGGATCCTGATGAAG

GU2285

CTTGTTCAATATTACCACCATTTTCTATGTC

GU2826

CAATCCGGGCAGTATTGTATATAGTAAAG

GU2827

GAGGAAAATATCGAATATAATAATAGTCTTCG

GU2828

GCTGGTGTGAATTTCAGTAACTATGTG

GU2829

CTAAAGCTGGAGAAGCTAAATAATTTGC

GU2061

GTAAACTTAAGCATAAAGAGCTCG

GU0204

GTCTCTTCAATGATTCATAAATAG

220
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Table 7 E-value for each metabolic enzyme compared between different species of Plasmodium after doing BLAST with the corresponding P. berghei amino

acid sequence

Query: P. berghei amino acid sequence P. berghei P.chabaudi P. vivax P. falciparum

Metabolic pathway Enzyme OrthoMCL Group |Accession no. E-value |Accession no. E-value |Accession no.|E-value |Accession no. E-value
pepc 0G5_130145 PBANKA_101790 |0.00 PCHAS_101870 |0.00 PVX_085200 |0.00 PF3D7_1426700 0.00

'A:\‘;f;g‘o‘*l?:;ry Carboni—ah 0G5_126911  |PBANKA_111770 [0.00  |PCHAS_111720 [0.00  |PVX_114050 |e-177 |PF3D7_0618500 e-158
aat 0G5_126737 PBANKA_030230 |0.00 PCHAS_030450 |0.00 PVX_003655 |0.00 PF3D7_0204500 0.00
cpsli 0G5_126835 PBANKA_140670 |0.00 PCHAS_140860 |0.00 PVX_122240 |0.00 PF3D7_1308200 0.00
act 0G5_128535 PBANKA_135770 |0.00 PCHAS_136230 |0.00 PVX_083135 |0.00 PF3D7_1344800 0.00
dhoase 0G5_130129 PBANKA_133610 |0.00 PCHAS_134070 |0.00 PVX_116830 |0.00 PF3D7_1472900 e-172

Pyrimidine biosynthesis
dhodh 0G5_127289 PBANKA_010210 |0.00 PCHAS_010280 |0.00 PVX_113330 |0.00 PF3D7_0603300 0.00
oprt 0G5_126793 PBANKA_111240 |0.00 PCHAS_111200 |e-131 |PVX_080605 |e-110 |PF3D7_0512700 0.00
ompdc 0G5_126793 PBANKA_050740 |0.00 PCHAS_050750 |0.00 PVX_111555 |e-139 |PF3D7_1023200 e-141
y-gcs 0G5_128698 PBANKA_081980 |0.00 PCHAS_082010 |0.00 PVX_099360 |0.00 PF3D7_0918900 0.00
gs 0G5_128131 PBANKA_111180 |0.00 PCHAS_111140 |0.00 PVX_080630 |0.00 PF3D7_0512200 0.00

Glutathione biosynthesis gst 0G5_128352 PBANKA_102390 |e-151 PCHAS_102470 |e-148 |PVX_085515 |e-125 |PF3D7_1419300 e-124
ar 0G5_126785  |PBANKA_102340 [0.00  |PCHAS_102420 [0.00  [PVX_085490 [0.00 Egg;j:lgggg:; &2}%% 1 g";beR;;h

Phospholipid synthesis |etnk 0G5_127649 PBANKA_092370 |0.00 PCHAS_092070 |0.00 PVX_091845 |e-178 |PF3D7_1124600 0.00
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chok 0G5_127835  |PBANKA_104010 [0.00  |PCHAS_104090 [0.00  |PVX_086340 ]0.00  |PF3D7_1401800 0.00
ect 0G5_127671  |PBANKA_136050 |0.00  |PCHAS_136510 [0.00  |PVX_083280 |0.00  |PF3D7_1347700 0.00
cct 0G5_128351  |PBANKA 141510 |0.00  |PCHAS_141690 [0.00  |PVX_122650 0.00  |PF3D7_1316600 0.00
cept 0G5_126828  |PBANKA_112700 [0.00  |PCHAS_112650 [0.00  |PVX_114515 |e-154 |PF3D7_0628300 e-147
pmt  (PIPMT 38505 139295 |Not present Not present PVX_083045 |e-128 |PF3D7_1343000 0.00
query sequence)

Appendix (Table 7)
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