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a resistance gene was confirmed by PCR (Figure 5.6). Both alleles of ARG could readily
be replaced, generating the genotypic strain Aarg::HYG/PAC, hereafter referred to as
Aarg.

Figure 5.6.: Confirmation of genetic mutants by PCR. A: The strategy of PCRs used to
confirm gene replacement. Arrows and letters indicate primers. PCR with
primersets AB and EF indicates presence of the endogenous gene, primersets AC
and EG indicate replacement of the endogenous gene with a hygromycin resistance
gene, while primersets AD and EH indicate replacement of the endogenous gene
with a puromycin resistance gene. Primers YZ indicates the presence of the
endogenous gene. Primers A, B, E, F, Y and Z are unique for each gene of interest,
all primer sequences are given in Table 2.1. B: PCR of wild-type 427 and Aarg,
with primers as indicated in A. C: PCR of wild-type 427 and Anao, with primers as
indicated in A. Primerset AB for Aarg did not amplify from wild-type 427 genomic
DNA, and could therefore not be used to indicate gene replacement. Instead, the
full gene was amplified (primerset YZ).

The Aarg strain was maintained in HMI-9 medium in the presence of hygromycin and
puromycin. Only a minor growth phenotype could be observed, likely due to the presence
of the antibiotics (Figure5.7). Antibiotics were removed from the culture medium
prior to further experiments. AlamarBlue assays were performed with a selection of
trypanocidals to investigate drug sensitivity and Aarg is slightly less sensitive for most
of the drugs (Table 5.3).
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Figure 5.7.: Growth curves of various genetic mutants generated in this chapter. Cell
densities were routinely kept between 1 - 10* and 2 - 10°, cumulative cell counts are
plotted, lines are fitted exponential growth curves.

I1Cso (nM) Ratio

Compound Medium WT Aarg WT/ Aarg  p-value
Suramin HMI-9 37+0.72 39+ 10 1.1 0.86
CMM 32+4.1 30+£2.5 1.1 0.71
Melarsen oxide HMI-9 11+£0.98 7.0+£2.3 0.66 0.021
CMM 10+2.9 15+1.6 0.69 0.24

DFMO HMI-9 23 +2.8 uM 49+£1.9 uM 0.48 0.0018
CMM 12+ 1.6 uM 21+2.4 uM 0.59 0.027
Berenil HMI-9 29+3.5 48 £4.6 0.61 0.019
CMM 16+ 1.6 13+3.3 1.2 0.48
5-fluorouracil HMI-9 21 £3.1 uM 35+£2.6 uyM 0.59 0.018
CMM 1.5+£3.3 uM 22+43 uM 0.70 0.28

Methylene blue HMI-9 23+53 92+6.6 0.25 0.00021
CMM 24 +3.7 53+94 0.46 0.037

Table 5.3.: Toxicity of various trypanocidals in Aarg and wild-type parasites. AlamarBlue
assays were used to determine ICsq values in both Aarg and wild-type (WT)
parasites, in both HMI-9 and CMM culture medium. SEM; n>3; Student’s z-test,
two-tailed, unequal variance.

5.2.1.4. ARG null mutant affects phosphocholines, PPP and methionine

metabolism

The metabolome of Aarg parasites was measured and compared to wild-type during

growth in CMM medium, a reduced medium formulation optimised for high-quality

metabolomics experiments (unpublished; Dr Darren Creek, University of Melbourne).

The growth in CMM medium was similar to growtn in HMI-9 medium. The samples
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were analysed by LC-MS, and two complementary runs were performed with hydrophilic
interaction chromatography using ZIC-HILIC and ZIC-pHILIC columns, in an attempt
to increase the coverage of the metabolome. The metabolomics data was deconvoluted
and analysed with the mzMatch/IDEOM pipeline.
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Figure 5.8.: Correlation of metabolomes of different genetic mutants. The correlation of the
metabolomes of wild-type, Anao and Aarg was compared by principle component
analysis using all basepeaks. Depicted are the score plots of the first two principal
components of the ZIC-HILIC (A) and ZIC-pHILIC (B) chromatography runs.
Dotted lines are the 95% confidence interval. There is no clear separation between
wild-type (WT), Anao and Aarg samples. Medium samples (CMM) are well
separated from the parasite samples.

A principal component analysis (PCA) was performed on all potential basepeaks
identified from the samples. @~ PCA is a mathematical procedure that reduces
multidimensional data, which in metabolomics data sets is based on the numerous
metabolites compared. PCA transforms the data points to a reduced number of principle
components (PC) in such a way that the first principle component accounts for most of
the variability within the data set. PCA is often utilised as an initial step prior to further
analysis, to visualise general trends between the different samples in a data set (Sumner
et al., 2003).

PCA analysis of all potential basepeaks identified from the samples showed that the
metabolome of Aarg is barely distinguishable from the metabolome of wild-type
parasites (Figure 5.8). Looking at individual metabolites, around 70 metabolites change
significantly (Section D.4), with almost half of the changes in lipids. Within the lipids,
a shift was observed from ether phosphatidylcholines (PC) to PCs with an ester group
(Figure 5.9). Ether lipids are synthesised from dihydroxyacetone phosphate, while
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Figure 5.9.: Changes in lipid concentrations of Aarg. The number of lipids and fatty acids
that either increased or decreased significantly in the Aarg strain (rank product,
FDR<0.05). Grouped by fatty acids, ether and ester phosphatidylcholines (PC),
ether and ester phosphatidylethanolamine (PE) and ester phosphatidylserine.
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Figure 5.10.: Biosynthetic pathway of phosphatidylcholines. Thin lines indicate reactions,
dashed line represents multiple reactions, and bold arrows indicate an increase or
decrease of the metabolite in Aarg. PC: phosphatidylcholine.

glycerol 3-phosphate is the precursor for ester lipids (Figure5.10). Concordant to a
turnover of PCs is the increase in precursors of PCs: choline, phosphocholine and CDP-
choline (Figure 5.11).

Most of the remaining changes are orientated around two pathways: the PPP (PPP) and
methionine metabolism (Figure 5.11). Most intermediates of the PPP are increased in
the Aarg strain. An increase in metabolic intermediates can have various causes: (i)
impaired ability to use the end-product of the pathway; (ii) increased availability of the
pathway’s substrate; (iii) activation of the pathway as a secondary effect. Additionally,
changes in one metabolite can have knock-on effect and cause additional metabolites in
the same pathway to change. These possibilities can complicate the identification of the

primary effect of the loss of the gene of interest.

The increase in PPP intermediates is accompanied by an increase in NADPH (Section

D.4). The PPP can be activated at increase of oxidative stress (see Chapter 3, and Maugeri
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Figure 5.11.: Schematic map of metabolite changes in Aarg. Metabolic changes are painted

on a non-species specific metabolic map, based on KEGG IDs (Yamada et al.,

2011). Increased metabolite concentrations are in red, decreased in blue. At the
bottom are metabolite that are not part of, or closely related, to any pathway. Ade:

adenine; dAdo: deoxyadenosine; y-GABA:
gamma-glutamyl-gamma-aminobutyraldehyde; Hyp: hypoxanthine; N9P:

nonulose 9-phosphate P-DPD, 4-hydroxy-2,3-pentanedione-5-phosphate; PAA,

phenylacetic acid.
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et al., 2003; Maugeri and Cazzulo, 2004), but that does not seem to be the cause here.
The higher NADPH level of the parasites renders them less susceptible to methylene blue
and many other drugs that are suspected to increase oxidative stress (Table 5.3). It seems
that the loss of ARG requires the parasites to compensate by augmenting their PPP, with
the increased oxidative stress protection as a side-effect, rather than an activation of the

PPP due to oxidative stress.

Besides NADPH, the PPP also provides Rib-5-P that can be used in nucleotide
biosynthesis. Phosphoribosylpyrophosphate (PRPP) is produced from Rib-5-P while the
phosphoribosyl-group can subsequently be transferred to a nucleobase (e.g. adenine) to
form a monophosphate nucleoside (e.g. AMP). Besides adenine, also hypoxanthine and

guanine were increased upon the loss of ARG (Figure 5.11).

The second major pathway affected in the Aarg strain is methionine metabolism:
metabolites as S-adenosyl methionine (SAM) and methylthioadenosine (MTA) are
increased in Aarg. Interestingly, there is a connection with the original proposed
annotation of ARG as an arginase, as decarboxylated SAM is used in the biosynthesis
of spermidine from the putrescine that is produced from ornithine. However, no
significant changes in arginine, ornithine, N-acetylornithine, or other polyamines were
observed. Adenine is a by-product of methylthioadenosine degradation, potentially
connecting the changes in methionine metabolism to the changes in nucleobases and PPP
intermediates. SAM connects to phosphatidylcholine metabolism, as CDP-ethanolamine

can be converted to PC in a series of biochemical reactions.

While connections can be drawn between the metabolic changes, it remains unclear what
exactly is the primary effect of loss of ARG. Furthermore, there seems to be very little
overlap with the results of the metabolomics enzyme assay with recombinant ARG. The
only change related to tryptophan metabolism is the decrease of 8-methoxykynurenate,
but neither this metabolite nor close neighbours in tryptophan metabolism seem to be

involved in any of the other changed metabolites in Aarg.

5.2.1.5. Different functions suggested for ARG

The metabolomics enzyme assay suggested that ARG has a function related to tryptophan
or other indoles, with an indication of a potential oxygenase function. While the
metabolic profiling uncovered significant changes in a number of metabolites, and
these changes are potentially connected to each other, it did not provide support for a

tryptophan-related function. Moreover, I was unable from the metabolic profiling to
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Figure 5.12.: Possible connection of observed changes in Aarg. Arrows do not necesarily
represent one reaction. Direction of the arrow indicates a hypothetical causative
connection.

distinguish between the primary effect of ARG loss, the secondary effect and potential

compensatory changes.

Especially the lack of concordance between the numerous tryptophan related changes
in the metabolomics assay and only 8-methoxykynurenate changing upon loss of ARG
seems problematic to pinpoint the function of ARG.

5.2.2. Putative N-acetylornithine deacetylase

From earlier metabolomics experiments it became apparent that treatment of 7. brucei
with eflornithine results in similar changes in levels of ornithine as of N-acetylornithine
(Vincent et al., 2012). As T. brucei lacks arginase activity there is a possibility that N-
acetylornithine is part of an alternative ornithine biosynthetic pathway (see 1.6.1, and
Vincent, 2011). The T. brucei genome contains a gene that has been putatively annotated
as an N-acetylornithine deacetylase (NAO, Tb427.08.1910), and this gene is investigated

here in more detail.

5.2.2.1. Metabolomics assay confirms deacetylase function

For the metabolomics assay with NAO, a polyhistidine-tagged recombinant version of
the NAO gene was heterologously expressed in E. coli and purified with immobilised
metal affinity chromatography. Purification yielded a single band on SDS-PAGE of
approximately 45 kDa. A metabolomic enzyme assay was performed as described above
for ARG. The number of significantly changed metabolites (rank product, FDR<0.05)
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was roughly 2.5-fold higher in cofactor mixture 1, with 65 changes compared to 23
changes in mixture 2 (Supplement 1.1.4). Unlike in the ARG assay, however, there
was little difference in fold-changes in metabolites that were significantly changed in
both mixtures (Table 5.4), suggesting that none of the mixture-specific cofactors were

required.

The changed metabolites propose that NAO is an N-acyl-amino acid deacetylase with
a broad substrate specificity. Javid-Majd and Blanchard (2000) have characterised E.
coli N-acetylornithine deacetylase and found a similar substrate specificity: the highest
activities were found using N-formylmethionine and N-acetylmethionine, while also
numerous of other acetylated amino acids could function as substrates. Interestingly,
four of the consistent changed metabolites were related to kynurenine (Table 5.4). In the
ARG assay, a number of kynurenine related metabolites were all increased, while the
kynurenine related changes in the NAO assay are decreased. This further questions the
significance of the kynurenine related changes that were observed in the ARG assay. The
only consistently increased metabolite in the NAO assay is fumarate. The reason for this

increase remains unclear, as no other fumarate related metabolites are changing.

SE

S s

D QO
Measured S £ Predicted 3 QAN ZE

mass s formula = Putative metabolite Mix 1 Mix 2

116.01107 6.26 C4H,0, 3 Fumarate 5.20 4.18
252.07445 12.14 C11H2N,O5 1 5-Hydroxy-N-formylkynurenine -1.36 -1.69
189.04255 5.82 CoHNO; 6 Kynurenate -1.50 -2.47
264.07438 5.95 C2H,2N,O5 1 Diformylkynurenine -1.58 -1.56
173.10506 5.73 CgH,5NO; 5 N-Acetyl-L-leucine -1.67 -1.61
205.03768 5.66 C,oH,NO, 2 6-Hydroxykynurenate -2.03 -5.29
207.08962 5.68 C,1H3NO; 6 N-Acetyl-L-phenylalanine -2.18 -2.18
177.04598 5.94 C¢H ;| 1NO;S 3 N-Formyl-L-methionine -3.62 -4.20
191.06129 5.89 C;H5NOsS 1 N-Acetylmethionine -4.88 -3.85

Table 5.4.: Significantly changed metabolites in NAO assay. Metabolites that showed
significant changes in both cofactor mixtures are shown. Measured mass as
mass-to-charge ratio (m/z); number of isomers as predicted from IDEOM databases.
Negative fold-changes indicate decreased metabolites.
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5.2.2.2. Metabolome of NAO null mutant shows limited changes

An NAO null mutant (Anao) was generated as described previously for ARG (Figure 5.6
and Figure5.7). The metabolome of the Anao strain was measured by LC-MS and
compared to wild-type parasites. Principal component analysis demonstrated limited
separation of the null mutant from wild-type parasites (Figure5.8). This is further
supported by studying the putative metabolites: only 26 putatively identified metabolites
changed significantly (rank product, FDR<0.05, Supplement 1.1.5).

Of the significantly changed metabolites, only N-acetylmethionine was also changed in
the enzyme metabolomics assay (cf. and Table 5.4 and Table 5.5). In Anao, methionine
did not change significantly, but the decrease in 5’-methylthioadenosine (MTA) could
be connected to the loss of NAO (Figure 5.13). N-acetylmethionine, however, is not a
classical source for methionine synthesis, as it is normally produced from cysteine via
cystathionine and homocysteine. N-acetylornithine does not change, with non-significant
fold-changes of 0.73 and 1.21 from the analysis with ZIC-HILIC and ZIC-pHILIC
chromatography respectively. Also ornithine does not change significantly, with fold-
changes of 1.08 and 1.19.

N-acetylmethionine <4~ MTA —
Methionine dcSAM

\SAM/

Figure 5.13.: Potential connection between changes in N-acetylmethionine and MTA.
Levels of N-acetylmethionine are increased in Anao, while methylthioadenosine
(MTA) is decreased. The star indicates the perturbation of N-acetylornithine
deacetylase. SAM: S-adenosyl-methionine; dcSAM: decarboxylated SAM.
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>
=
-3 )
g £
o0 -
S =
£ SE g
= Measured g g Predicted S Fold
S mass ~ formula = Putative metabolite change FDR
pHILIC  154.00305 12.32 C;H,05P 3 Propanoyl phosphate -1.46 0.0381
135.05453  9.92 CsH;sN; 1 Adenine -1.63 0.0427
112.02734  8.59 C4H4N,0, 2 Uracil -1.73 0.0487
297.08976 7.36 C1H;5N505S 2 5'-Methylthioadenosine -1.78 0.00161
247.06925 17.94 CyH3NO;, 1 N-Succinyl-L-glutamate -2.12 0.0162
339.99585  19.67 C¢H,4,0,,P, 14 D-Fructose 1,6-bisphosphate -2.79 <0.0001
HILIC  191.06171 5.94 C,H3NO;S 1 N-Acetylmethionine 2.97 0.000284
297.08978  11.33 Cy1H5N505S 2 5'-Methylthioadenosine -1.50 0.0189
422.08255 17.26 C,H»304P 5 Trehalose 6-phosphate -2.13 0.0206

Table 5.5.: Metabolic changes in Anao. Significantly changed metabolites (rank product,
FDR<0.05, n=5) in Anao compared to wild-type. Peptides, lipids and fatty acids are
not shown (see Supplement). Results are ordered by LC-column, and by
fold-change. Measured mass as mass-to-charge ratio (m/z); number of isomers as
predicted from IDEOM databases. Negative fold-changes indicate decreased
metabolites.

The limited metabolomic response to loss of NAO is not completely unexpected if NAO
is indeed an N-acetylornithine deactylase. The T. brucei genome contains a putative
aminoacylase gene (Tb427tmp.01.3000), that would be able to compensate for the loss
of NAO. In bacteria, heterologous expression of an aminoacylase was able to complement
mutants defective in N-acetylornithine deacetylase activity (Sakanyan et al., 1993).
Although bacteria NAO and aminoacylase both have broad substrate specificities, they
do differ substantially in deacetylating capacity depending on the amino acid. While
NAO has the highest activities with N-formyl- and N-acetyl-methionine (Javid-Majd and
Blanchard, 2000), aminoacylase has the highest activity with N-acetyl-alanine (Sakanyan
et al., 1993).

To annotate 7. brucei NAO as N-acetylornithine deacetylase, however, can be misleading,
as the highest activity is not observed with N-acetylornithine. In bacteria the NAO
gene (ArgE) is located in the argECBH operon, together with other enzymes involved
in arginine biosynthesis (Meinnel et al., 1992), providing rationale for this annotation.
T. brucei on the other hand does not produce ornithine via a similar pathway from
glutamate (Vincent, 2011), suggesting that NAO might have an alternative role in T.
brucei. Aminoacylases do not tend to have extreme thermodynamic equilibria, with a
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typical equilbrium constant under standard conditions in the range of 3—-33 (Goldberg
et al., 2004). The function of NAO could therefore easily be in either direction, the
acetylation or deacetylation of (acetylated) amino acids.

5.2.2.3. NAO does not affect eflornithine sensitivity

Treatment of parasites with the ornithine decarboxylase inhibitor eflornithine results
in changes in N-acetylornithine that correlate with changes in ornithine, as shown by
Vincent (2011). It was therefore anticipated that the knockout of NAO might affect
the eflornithine sensitivity of the parasite. Sensitivity assays by alamarBlue showed a
significant but limited reduction in ICsq value (Table 5.6).

ICs0(1M)
Medium WT Anao Ratio p

HMI-9 494+42 36.1+64 0.73 0.016
CMM 208+54 158+£69 0.76 0.28

Table 5.6.: Eflornithine sensitivity of Anao. Drug sensitivity to eflornithine (20 mM — 4.8 nM)
was assayed by alamarBlue in two types of medium and compared between
wild-type and Anao strain parasites. SD, n>3, Student’s 7-test, two-tailed, unequal
variance.

12 -
= WT

10 -
Anao

Ornithine N-acetylornithine

Fold change

S N A~ O @

Figure 5.14.: Changes in metabolites upon eflornithine treatment. The fold change of
ornithine and N-acetylornithine in Anao is similar to the fold change in wild-type
cells, upon a 5 hour treatment with 500 uM eflornithine (WT data from Vincent
et al., 2012, measured with an identical experimental setup). Error bars are
standard deviations.

The metabolome of eflornithine treated parasites was determined by treatment of Anao
cells with DFMO for 5 hours prior to metabolite extraction. The metabolome was
compared to wild-type parasites treated in an identical experiment (Vincent et al., 2012).

Calculating fold changes between treated and untreated parasites reduces the technical
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variability and allows to compare the two separate experiments. No significant changes

in the response to DFMO in wild-type parasites (Figure 5.14).

5.2.3. Putative nicotinamidase

Metabolomics experiments in our lab showed interesting changes in nicotinamide levels
in parasites upon treatment with the drug SDG66, a compound designed with a P2-
motif for recognition by the P2-transporter (Barrett ez al., 1995), and a nitro group for
potential oxidative toxicity. Upon treatment with SDG66, untargeted metabolomics by
an identical approach as used in this thesis demonstrated that nicotinate levels increased
significantly, while nicotinamide levels decreased (Dr Pui Ee Wong, University of
Glasgow). Although addition of nicotinamide did not rescue the parasites from the
trypanocidal effects of SDG66, it does suggest involvement of nicotinamidase in the
drug action of SDG66 (Figure 5.15). The T. brucei genome contains putatively annotated

nicotinamidase (NAM) genes, and it was therefore decided to investigate these further.

H,N 0 -0 o)
EC 3.5.1.19
Z + H,0 _— V + NH; +  HY
“ |N “ |N
Nicotinamide Nicotinate

Figure 5.15.: Reaction catalysed by nicotinamidase.

719,000 720,000 721,000 722,000 723,000 724,000 725,000 726,000
| | | |

| | | |
Th427tmp.160.2540 Tb427tmp.160.2550 Th427tmp.v1.0150 \Tb427tmp.160.2600

Figure 5.16.: Nicotinamidase gene within the 7. brucei strain 427 genome. The two
nicotinamidase genes (black) are separated by two putative genes (grey).
Tb427tmp.160.2550 is annotated as “ribosomal protein S7, putative”, while
Tb427tmp.v1.0150 is annotated as “hypothetical protein, conserved”.

5.2.3.1. Nicotinamidase function confirmed by metabolomics enzyme assay

There are two copies of the nicotinamidase gene in the 7. brucei genome
(Tb427tmp.160.2540 and Tb427tmp.160.2600), with 100 % sequence identity
(Figure 5.16). For heterologous expression, the NAM gene was amplified and cloned
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into pET-30 Xa/LIC. Expression and purification resulted in a protein of approximately
24 kDa.

The NAM enzyme was investigated by a metabolomics assay identical to ARG and NAO.
Data deconvolution by mzMatch and IDEOM resulted in the putative identification of
652 metabolites. In concordance with the ARG and NAO assays, cofactor mixture 1
resulted in more significantly changed metabolites in comparison to cofactor mixture 2,
with 45 and 29 changes respectively, while the fold-changes themselves were comparable
in both mixtures (Table 5.7).

Striking in the list of significantly changed metabolites is the combination of an increase
in nicotinate (average peak intensity from 10 - 10° to 28 - 10°) and a decrease in
nicotinamide (average peak intensity from 30 - 10° to 2.4 - 10°). These are the substrate
and product of nicotinamidase, confirming the activity of NAM. T. brucei nicotinamidase
is also capable of hydrolysing amino groups from other substrates. This is demonstrated
by the decrease in N-acetyl-beta-alanine and increase in 2-acetolactate, and similar for
succinamate and succinate, however, nicotinamide and nicotinate showed the largest
fold changes. Nicotinamidases are known to hydrolyse the drug pyrazinamide (Hu
et al., 2007; Zhang et al., 2008; Fyfe et al., 2009), a compound highly related to
nicotinamide and only differing in an additional nitrogen in the aromatic ring. The
changes in succinamate and N-acetyl-beta-alanine potentially show an even further

reduced specificity of nicotinamidase.

Crystallography of yeast nicotinamidase has characterised the binding and activation of
zinc to the enzyme (Hu et al., 2007). No zinc was specifically added to the growth
medium and assay buffer during the study of 7. brucei NAM, but it is plausible that the
yeast extract used in both the LB growth medium and the complex metabolite mixture
contains zinc. The mass of zinc is too low to be detected with our mass spectrometry

instruments.

5.2.3.2. Attempt to ablate NAM by RNA interference

A knockdown mutant by RNAi1 was generated for NAM instead of a knockout. The
two T. brucei nicotinamidase genes (Tb427tmp.160.2540 and Tb427tmp.160.2600) are
located in close proximity to one another on chromosome 9, but are separated by two
other genes (Figure 5.16). The 5* and 3° UTR of the two nicotinamidase genes are also
identical, suggesting that the gene has been duplicated. A knockout strategy where each

copy is targeted individually is impossible due to the identical UTRs. Replacing the
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= 3
Measured 5 :é Predicted g . . .Fold changf:
mass formula Putative metabolite Mix 1 Mix 2
123.03210 7.46 CsHsNO, 4 Nicotinate 2.81 2.64
309.10597 17.27 C;1HoNOg 5 N-Acetylneuraminate 2.45 1.32
132.04224 6.13 C;sHgO, 16 2-Acetolactate 1.94 1.18¢
222.06736  22.74 C;H4N,O,4S 4 L-Cystathionine 1.92 1.10“
116.01094 6.12 C,H,04 3 Fumarate 1.51¢ 1.91
147.05319 16.64 CsHoNO, 14 L-Glutamate 1.83 1.12¢
189.06379 7.16 C,H;NO; 4 N-Acetyl-L-glutamate 1.79 1.00¢
118.02663 6.43 C4H(O, 7 Succinate 1.64 1.14¢
133.03753 17.59 C4H;NO, 4 L-Aspartate 1.57 1.05¢
308.15822 27.02 C,H,4N,0O, 2 Fructoselysine 1.38 -1.10¢
345.04732 15.69  C;oH|;)NsO,P 3 3',5'-Cyclic GMP 1.27 1.10¢
135.05462 14.54 CsHsN; 1 Adenine 1.24¢ 1.25
131.05820 6.58 CsHyNO; 14 N-Acetyl-beta-alanine -1.41 -1.22¢
189.10014 623  CgHNO, 5 h§ dﬁi‘;}gﬁg&‘?;l . 1270 o143
117.04262 6.74 C,H;NO; 5 Succinamate -1.43 -1.22¢
72.05753 5.66 C4HgO 4 Butanal -1.23¢ -1.64
129.15178 11.08 CgHoN 2 Octylamine -1.89 -1.64
147.05316 7.70 CsHoNO, 14 N-hydroxy-N-isopropyloxamate  -1.25 -1.75
145.15790  43.66 C;H9N3 1 Spermidine 2.11 -1.43¢
122.04802 8.63 C¢HgN,O 4 Nicotinamide -17.7 -10.0

“ Non-significant change (rank product FDR>0.05).

Table 5.7.: Significantly changed metabolites in NAM assay. Shown are metabolites that
changed significantly in at least one of the two mixtures (rank product FDR<0.05),
excluding peptides and lipids. Measured mass as mass-to-charge ratio (m/z); number
of isomers as predicted from IDEOM databases. Negative fold-changes indicate
decreased metabolites.
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whole region, however, would additionally replace the two genes in between. Although
these two genes are annotated as hypothetical and putative, I decided that the risk of an
effect by disturbing those genes was undesired. Instead, RNA interference was used to
ablate the NAM protein. Both NAM transcripts would be targeted equally due to the

identical sequences.

The NAMRNA strain was constructed by amplification and cloning of a 544 bp fragment
in the pRPaSLi plasmid (as explained in 2.2.2), and subsequent transfection of 2T1
parasites. Successful integration of the construct was confirmed by the gain of
hygromycin resistance, and puromycin sensitivity. Induction of RNA interference by
addition of tetracycline to the culture medium did not result in a growth phenotype
of NAMRNA! (Figure 5.7), however, Northern blot failed to provide conclusive evidence
of knockdown of the NAM transcript (Figure 5.17). A 3?P labelled dATP was used to
generate a radioactive probe from the whole RK gene. After probing the Northern blot,
clear bands could only be identified in the tetracycline-induced samples. However, these
bands were much further to the bottom of the blot than expected from the expected
molecular weight of NAM transcript. NAM has a comparable molecular weight to
tubulin, that had been used as a control to confirm presence of transcript in all samples
(Figure 5.17). As the tubulin control did indicate transcript in all samples, and the
low-molecular weight bands after probing with NAM only occurred after addition of
tetracycline, 1 hypothesised that the bands visualised with the NAM probe are the
expressed RNAI1 fragments, and not the endogenous NAM transcripts. This suggests
that NAM might not be expressed in this cell line, even though it has been demonstrated
to been expressed previously. Additional experiments with alternative techniques, like
quantitative PCR combined with reverse-transcription, would be required to further
investigate this hypothesis.

TUB

Figure 5.17.: Northern blot of NAMENAi, RNA samples were taken before and 0, 1, 2, 3 and 4
days after induction of RNAi with tetracycline (tet). Northern blot was probed
with the full NAM gene or with a full tubulin (TUB) gene as control. RNA ladder
was not visible. The tubulin genes are approximately 1.3 kb, the NAM gene is 615
bp. The NAM probe is only visible in samples with tetracycline, while the TUB
blot, although overexposed, indicates equal loading of all samples.
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The NAMRNA? strains was investigated by metabolic profiling comparable to the Aarg
and Anao strains. RNAi was induced in independent cultures for 8 days prior
to sampling, and the metabolome was compared between induced and non-induced
NAMRNAL - Samples were run only over a ZIC-HILIC column prior to mass spectrometry.

The metabolome of NAMRM showed very limited changes after 8 days of induction
(Table 5.8). Possible explanations for this result are that (i) NAM is not expressed in 7.
brucei, such that ablation has no effect (although Alsford ef al. (2011) found NAM to be
an abundant transcript); (ii) the level of NAM transcript was not reduced at all, or only by
an insignificant amount (the Northern blot was inconclusive); (iii) NAM is expressed in
T. brucei, and the transcript level was significantly reduced by RNA interference, but the
parasite adapts to the loss of NAM. However, the absence of proof that NAM was ablated

in the parasites renders it impossible to infer why virtually no changes are observed.

While metabolic profiling did not provide any support for the elucidation of the function
of T. brucei NAM, the metabolomics enzyme assay provided reasonable support for the

functional annotation of NAM as a nicotinamidase.
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SE

€& 5 &

9 w £ = =
Measured S E Predicted S =

mass ks formula = Putative metabolite = o FDR
126.00820 12.02 C,H,0,P 2 2-Hydroxyethylphosphonate 1.87 0.00054
207.08964 981 NSOy 5'-Methylthioadenosine 163 0.00153
174.01642 7.84 Ce¢HOg 3 cis-Aconitate 1.44 0.0267
147.03534 12.12  CsHyNO,S 1 Thiomorpholine 3-carboxylate 1.38 0.0114
205.07376 5.90 C;H;|NO; 5 Indolelactate 1.38 0.0138
161.05108 1038  C¢H;NO,S 1 allylcysteine 1.33 0.0275
173.06876 10.45 C;H;|NO, 6 N-Acetyl-L-glutamate 5-semialdehyde 1.31 0.0469
245.61693 2944  CigH;3N,O9 2 Arg-Thr-Thr-Asp 1.30 0.0371
[PE (16:0/22:6)] 1-hexadecanoyl-2-
763.51473 567 CyiHuNOgP 24 (4Z2,7Z,10Z,13Z,16Z,19Z-docosahexaenoyl)-sn- 1.26 0.0459
glycero-3-phosphoethanolamine

189.08240 8.16 CgH;sNO,S 1 Prenyl-L-cysteine 1.26 0.0438
191.06153 5.88 C;H3NO;5S 1 N-Acetylmethionine 1.25 0.05
248.17771 5.16 C6H240, 13 [FA (16:4)] 4,7,10,13-hexadecatetraenoic acid -1.27 0.0493
713.53575 588  CyHNOP 5 PC(14:1(9Z)/P-18:1(11Z)) -1.31 0.0354
509.38484 9.81 Cy6HssNOgP 8 LysoPC(0O-18:0) -1.32 0.0182
214.13167 1489  C,(H;3sN,0O; 2 Val-Pro -1.33 0.0377
181.04097 15.67  CsH|NO,4S 1 DL-Methionine sulfone -1.33 0.0401
272.08383 5.18 CioH,0, 2 7,8-benzoflavone -1.38 0.0237

Table 5.8.: Metabolic changes in NAMRNAi All significantly changed metabolites are shown,
including lipids and peptides. Measured mass as mass-to-charge ratio (m/z); number
of isomers as predicted from IDEOM databases. Negative fold-changes indicate
decreased metabolites.



5.3. Discussion 136

5.3. Discussion

In this chapter I demonstrated the use of metabolomics in the investigation of unknown

enzyme functions, and obtained mixed results.

5.3.1. Complicated metabolite changes observed in T. brucei
ARG elucidation

A putative T. brucei arginase (ARG) did not demonstrate ureohydrolase activity, in line
with previous investigations in the absence of arginase activity in 7. brucei (Vincent,
2011). The metabolomics assay with ARG, where a recombinant version of ARG was
incubated in a complex metabolite mixture, suggested instead a function related to the
metabolism of tryptophan, indoles and quinolines. The large number of significantly

changed metabolites complicates elucidation of the function of the enzyme of interest.

Substrate promiscuity of the enzyme could be the cause of numerous increases and
decreases of metabolites. These increasing and decreasing metabolites due to substrate
promiscuity can then be paired up to show the same chemical transformation for each
pair. This was observed in the metabolomics assay with nicotinamidase: three pairs
of metabolites showed opposite changes upon incubation with nicotinamidase, where
the three increased compounds were the deaminated products of the three decreased
compounds. In ARG however, the many increases in indoles and quinolines only
seemed to be related to a decrease in tryptophan, what cannot be explained by substrate

promiscuity.

While enzymes can have multiple functions in the cell, a phenomenon known as
“moonlighting”, it seems unlikely for one enzyme to be able to produce such a variety
of products from one substrate, bringing up the suggestion that the purified ARG was
contaminated with E. coli enzymes that would react with tryptophan. Although a number
of tryptophan-related metabolites changed in the NAO assay, those changes were in the
opposing direction compared to the ones observed in the ARG assay, arguing against
contamination with E. coli enzymes as a recurring problem. In the NAM assay, none of
the significant changes seem to be related to tryptophan. Overall, this supports that the
consistent increases in indoles and quinolines in the ARG assay are specific for ARG,
although the mechanism for this remains unclear. The different indoles and quinolines

are not products of fragmentation by the mass spectrometer, as the retention times of the
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compounds vary significantly, but it can not be excluded that the indoles and quinolines

are fragments formed before the samples are run on the liquid chromatography system.

In contrast to the many changes in indoles and quinolines observed in the metabolomics
assay, none of these metabolomics changes were present in the metabolic profiling of
a T. brucei ARG null mutant. The loss of ARG seems to activate the PPP, resulting in
increased NADPH production that makes the parasites less susceptible to oxidative stress.
The activation of the PPP is potentially related to an increase in nucleobases, methionine
metabolism and a switch of ether phosphatidylcholines to ester phosphatidylcholines.
Although a network can be drawn connecting the changes observed upon loss of ARG,
it is not clear whether those connections are causal, and which of the changes are the
primary effect of loss of ARG. Curiously, there seems to be very limited overlap between

the metabolomics assay and metabolic profiling results for ARG.

5.3.2. Should NAO be annotated as N-acetylornithine
deacetylase?

While the analysis of ARG resulted in confusing results, the picture was clearer for the
analysis of NAO. T. brucei NAO seems to be a broad substitute range N-acylamino
acid deacetylase. The greatest changes were observed in N-acetylmethionine and N-
formylmethionine, similar to NAO characterised from E. coli (Javid-Majd and Blanchard,
2000). The metabolic profiling of a NAO null mutant showed limited changes in the
metabolome. It has been demonstrated that a N-acetylornithine deactylase null mutant of
yeast can be compensated by the expression of an aminoacylase (Sakanyan et al., 1993).
Potentially the same happens in 7. brucei, as the gene Tb427.01.3000 has been putatively

annotated as aminoacylase.

While 7. brucei NAO demonstrates the same broad substitute range as E. coli NAO,
it remains debatable whether 7. brucei NAO should be annotated as N-acetylornithine
deacetylase. E. coli NAO is located in an operon with other enzymes of the glutamate-
to-arginine biosynthetic pathway, indicating a specific function of E. coli NAO in
deacetylation of N-acetylornithine, even though higher affinities are observed for N-
acetylmethionine and N-formylmethionine. However, 7. brucei does not produce
arginine from glutamate, suggesting that it might play a different role in the parasites
metabolism. Because of the broad substrate range it might be advisable to annotate
T. brucei NAO as an “aminoacylase”, and define different aminoacylases to different
classes depending on substrate specificity. This will need to be established empirically

by assaying different aminoacylases.
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5.3.3. NAM also seems to have a broader substrate range than

predicted

Of the three T. brucei enzymes studied the putative nicotinamidase yielded the clearest
results in the metabolomics assay. The most significant increases and decreases observed
where in the natural substrate and product of nicotinamidase. Additionally, a number of
other amines were decreased, while two of those could be paired by an increase of their
deaminated form. This suggests a broader substrate specificity than typically given for

nicotinamidases, that are known to be able to deaminate pyrazinamide as well.

5.3.4. Improvements on metabolomics enzyme function
elucidation

The use of metabolomics in the elucidation of the three aforementioned 7. brucei
enzymes has brought to light a number of potential improvements to the experimental

set-up used here.

While each assay was performed with two different cofactor mixtures, only ARG
showed significant changes in the fold-changes of individual metabolites between the
two mixtures. Surprisingly, mixture 1 consistently changed more metabolites, even
in the NAO and NAM assays. It would be advisable also to include an assay where
none of the oxidising, reducing, phosphorylating and dephosphorylating cofactors are
added. Additionally, the effect of incubation of the metabolite mixture in the presence
of cofactors, but without enzyme, might highlight changes occurring in the metabolite
mixture due to the reducing potential of the cofactors, rather than the addition of the

enzyme.

The numerous changes in the ARG metabolomics enzyme assay brings up the problem
of carry-over of E. coli enzymes from the purification. It would therefore be informative
to have an E. coli extract undergo the Ni>* purification used here without heterologous
expression of a recombinant protein, and to use the different fractions in a metabolomics
enzyme assay. This addresses the potential affinity of E. coli proteins to the nickel-
column, however, it is also possible that E. coli proteins bind to the recombinant protein
and therefore co-elute simultaneously. The experimental approach could be improved by
introducing point mutations at the active site of the enzyme, as predicted from sequence
alignments. This would act as a suitable negative control. Nonetheless, the absence

of similar significant changes of tryptophan related metabolites in the NAO and NAM
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metabolomics enzyme assays suggest that the observed changes in the ARG assay are

not due to contamination by E. coli protein binding to the column during purification.

For the metabolic profiling of knockouts, although the experiments typically consists
of five biological replicates, it would be informative to use different clones for each
replicate. Potentially, the clone used in the metabolic profiling has changed in an
additional way, that is not typical for the loss of the gene of interest. Comparison
of only one clone to wild-type parasites might therefore be misleading. This can be
prevented by the use of RNAi mutants instead of null mutants, as the knockdown is
induced independently for each replicate. However, RNAi has the risk that multiple
transcripts are targeted and knocked-down. Additionally, the NAM results demonstrated
that knockdown of the gene of interest might not be sufficient to result in changes in the

metabolome.

Finally, the complexity of metabolomics experiments will always include variables
that introduce uncertainty as to the interpretation of results. The combination of
metabolomics enzyme assay and metabolic profiling helps to identify potential catalytic
activities, however, it remains crucial to validate the putative function by a more classical

enzyme assay, to provide higher certainty about the correct annotation.
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Chapter 6

Why does the loss of 6PGDH kill

trypanosomes’’

The second enzyme of the PPP, 6PGDH, has been identified as a potential drug target
in T. brucei, thriving the synthesis of potent inhibitors of this enzyme. It has been
assumed that ablation of 6PGDH activity is lethal to the parasites as a result of a reduced
glycolytic flux. However, this has not been confirmed experimentally, and it is plausible
that the glycosomal localisation of glycolysis and the PPP in 7. brucei affects the mode-
of-action of 6PGDH ablation. The extended model generated in previous chapters is used
in this chapter to investigate the effects of a loss of 6PGDH activity, and preliminary
experimental results are shown that support the model predictions. This is an example
of how the model generated in Chapter 3 can be used to investigate the behaviour of

trypanosomal metabolism.
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6.1. Introduction

Most of the current drugs against Human African trypanosomiasis are difficult
to administer, unacceptably toxic, and relatively expensive when considering the
impoverished state of most patients (Barrett et al., 2007). It is anticipated that the
parasites’ divergent biochemistry will enable development of novel therapies for the

disease.

6PGDH has been identified as a potential drug target, due to its divergent amino-acid
sequence (Barrett and Le Page, 1993), and, as part of the PPP, as an important source of
NADPH required by the parasite to maintain cellular redox potential and protect against
oxidative stress (LePage and Barrett, 1990). The potential of 6PGDH as a drug target was
confirmed when inhibition of 6PGDH was shown to be lethal to the parasite (Hanau et al.,
1996). Subsequently, effort has been made to design more potent and specific inhibitors
of 6PGDH (Bertelli et al., 2001; Pasti et al., 2003; Dardonville et al., 2003; Dardonville
and Gilbert, 2003; Dardonville et al., 2004). Although 6PGDH plays an important role
in maintaining the cellular redox potential, it has been assumed that inhibition of 6PGDH

is lethal to the parasite by a different mechanism.

Inhibition of 6PGDH leads to the accumulation of its substrate 6-phosphogluconate
(6-PG), a potent inhibitor of the enzyme PGI (PGI, Figure 6.1A). PGI is part of
the glycolytic pathway, and responsible for the isomerisation of glucose 6-phosphate
to fructose 6-phosphate. Inhibition of 6PGDH activates a positive feedback loop:
accumulation of 6-phosphogluconate causes inhibition of PGI, resulting in an increase
of glucose 6-phosphate. Accumulation of glucose 6-phosphate directs the flux towards

the PPP, consequently increasing the concentration of 6-PG even more (Figure 6.1B).

The activation of this feedback loop, and the deadly consequences of loss of 6PGDH
activitiy, have been demonstrated previously. Bewley and Lucchesi (1975) described
the lethality of Drosophila null mutants of 6PGDH and attributed this to the absence of
a functional PPP. In 1977, however, Hughes and Lucchesi showed that an additional
loss of glucose-6-phosphate dehydrogenase (G6PDH) rescues 6PGDH null mutants
(Figure 6.1C). The absence of G6PDH activity prevents a flux through the PPP and
the subsequent accumulation of 6PG. Similar results were obtained for yeast (Lobo and
Maitra, 1982).

More recently, it was shown that the loss of 6PGDH inhibited growth of lung cancer
cells, while no changes in NADPH and ribose 5-phosphate production were observed
(Sukhatme and Chan, 2012). Possibly, NADPH levels are maintained by enhanced
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glutaminolysis. Loss of G6PDH on the other hand did not affect cell growth, and
rescued proliferation of cells deficient in 6PGDH. Moreover, growth on fructose instead
of glucose also restored the proliferation of 6PGDH knockdown cells. Fructose bypasses
the PPP, while any remaining inhibition of PGI does not affect the flux from fructose to

the lower part of glycolysis (Figure 6.1D).
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@ NADP NADPH NADP NADPH

GICGPA@AGPGL AGIc6P @~ 6PGL

Fru6P “~~6PG Fru6P "~~6PGA
NADP NADP
@ %31 NADPH @ X NADPH

A: Normal B: 6PGDH loss

C: 6PGDH + G6PDH loss D: 6PGDH loss + alternative hexose
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NADP NADPH () NADP NADPH
Glc6P X 6PGL Glc6P @~ 6PGL
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§3> X NADPH @;’) X NADPH

Figure 6.1.: Schematic overview of positive feedback loop of 6PGDH inhibition. Overview
of the first reactions of both glycolysis and the PPP. Black arrows represent
reactions with a flux, grey arrows are reactions with a reduced flux. Crosses
indicate loss of activity and chevrons indicate accumulation of a metabolite. A:
Distribution of fluxes in normal conditions, both glycolysis and PPP are active. B:
Loss of 6PGDH activity results in accumulation of 6PG that inhibits PGI and forms
a positive feedback loop. Glycolysis is inhibited. C: Loss of both 6PGDH and
G6PDH activity prevents a flux through the PPP, preventing accumulation of 6PG.
Glycolysis is restored. D: Loss of 6PGDH activity with an alternative source of
hexose (here fructose), bypasses PGI. Any accumulation of 6PG does not affect the
flux through the lower part of glycolysis. /: HXK, can use phosphorylate glucose
and fructose; 2: PGI; 3: PRK; 4: G6PDH; 5: PGL; 6: 6PGDH.

The same lethal mechanism is thought to be effective in 7. brucei by analogy, as 6PG
is also an inhibitor of 7. brucei PGI (Marchand et al., 1989). However, trypanosomal
metabolism has some unique characteristics, including the compartmentalisation of
part of glycolysis and PPP in the glycosome. It remains undetermined whether these

peculiarities might affect the response of 7. brucei to the loss of 6PGDH.
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The construction of a dynamic model including both glycolysis and the PPP in T. brucei
(Chapter 3) now allows us to test his hypothesis in silico. In this chapter, the effect
of ablation of 6PGDH is investigated by both mathematical modelling and wet-lab

experimentation.
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6.2. Results

6.2.1. 6PGDH loss in T. brucei does not inhibit PGI

The mathematical model of trypanosomal glycolysis was extended in chapter 3 with the
PPP, creating two classes of models. Model 5 includes an ATP:ADP antiporter across
the glycosomal membrane, while model 6 includes a glycosomal ribokinase (Figure 6.2).

Both models were analysed here.
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Figure 6.2.: Schematic overview of model versions considered. Model 5 and 6 are identical to
model 5 and 6 in chapter 3 (Figure 3.3), models 5fru and 6fru include the transport
and phosphorylation of fructose (shown in purple).

The activity of 6PGDH (V,,4x,6PGDHc/¢) Was scanned and model 5 and 6 behave similar
to the ablation of 6PGDH. The activity of 6PGDH can be reduced by 90 % without any
apparent effects on fluxes or metabolite concentrations (Figure 6.1). When the activity
of 6PGDH is reduced below 1 nmol - min™! - mg protein™!, 6-PG accumulates both in
the glycosome and the cytosol (Figure 6.1B and D). An increasing fraction of the models
fails to reach steady-state (within 1000 modelled minutes, Figure 6.1B and D), due to the

extreme accumulation of 6-PG.

The two models behave differently at very low 6PGDH activity, as the glycosomal
concentration of 6-PG is constrained in model 6 (moiety 6, Table 3.5). The fraction

of model 6 that reaches steady state at near-absent 6PGDH activities increases, but the
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steady-state that is calculated with these low 6PGDH activities have a very low glycolytic
flux (Figure 6.1A). Nonetheless, those states would never be reached, as knockdown or

inhibition of 6PGDH would already have caused a lethal accumulation of 6-PG.

In an attempt to isolate the inhibition of PGI by 6-PG, the glycosomal concentration of
6-PG was scanned in model 1, consisting of only glycolysis and no PPP (Figure 6.3C). A
6-PG concentration of 400 mM is required to inhibit the glycolytic flux by 50 %, which
results in a growth arrest of the trypanosomes (Haanstra et al., 2011). This concentration
is only obtained when the cytosolic 6-PG has already accumulated to extremely high
levels (model 5), or are not obtained at all (model 6). Inhibition of glycolysis is therefore
an unlikely explanation for the lethality of 6PGDH ablation, as the parasite would have

burst from extreme 6-PG levels already.
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Figure 6.3.: Effects of ablation of 6PGDH. A: The effect of knockdown of 6PGDH on the flux
through glycolysis is smmlated by reducing V. 6pGpr in model 6 with krox = 2 ul
-min~! - mg protein~!. Model 5 gives similar results. B and D: Very low activity of
6PGDH results in accumulation of 6-PG in the glycosome (red lines) and cytosol
(blue lines). The green lines indicate the percentage of models that do not reach
steady-state within 16 hours. When no steady-state is reached, the concentration at ¢
= 1000 min is plotted. C: A scan of the glycosomal concentration of 6-PG in model
1 demonstrates that a glycosomal 6-PG concentration of around 400 mM is
required for a lethal 50 % reduction in glycolytic flux.
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While a 90 % reduction of 6PGDH (1.06 nmol - min~! - mg protein~!) does not seem
to affect the glycolytic flux and metabolites, it does affect the capability to deal with
oxidative stress. The reduced activity of 6PGDH hinders the PPP to quickly react to
oxidative stress. It was demonstrated in chapter 3 that oxidative stress activates the
PPP, increasing the production of NADPH, with PPP enzymes working closer to their
maximum activity (Figure 3.6). Inhibition of the PPP would limit the capabilities to

increase the PPP flux and therefore increases the parasites sensitivity to oxidative stress.

Based on these results, it is suggested that inhibition of PGI by accumulation is unlikely
to be the cause of the lethality of 6PGDH depletion. More likely is that rather the
explosive accumulation of 6-PG, or the impaired PPP flux and associated increased

sensitivity to oxidative stress are what kills the parasite.

6.2.2. Fructose is unable to rescue 6PGDH loss in silico

Sukhatme and Chan (2012) showed that 6PGDH deficient tumours could retain their
proliferation by growth on fructose, bypassing PGI. T. brucei is also able to use fructose
as carbon source (Kiaira and Njogu, 1989), as the hexose transporter and hexokinase of 7.
brucei are able to transport (Fry et al., 1993) and catalyse the phosphorylation of fructose
(Morris et al., 2006). By analogy, it was tested whether T. brucei could be rescued from
depletion of 6PGDH by growth on fructose.

Model 5 and 6 were both extended with the fructose transport and utilising reactions, and
are denoted as model 5fru and model 6fru. Parameter values were derived from literature
(Table 6.1), and the rate equations of hexokinase were changed to allow both the use of
fructose and glucose as substrates, but also include competitive inhibition between the

two substrates (see Methods for rate equations).
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Reaction Parameter Value Unit Ref

FruT Vmax 69.1/195 nmol - min"! - mg protein™!  Fry et al., 1993 &
Km.Fru 391 mM Fry et al., 1993
o 0.75 dimensionless b

HXK Vmax.c 1775 nmol - min~!' - mg protein”! b

(Fru) Vmax,g 154 nmol - min~!' - mg protein”! b
Km.Fru 0.35 mM Morris et al., 2006
Km,Fru-6-P 12 mM b
Km, ATP 0.116 mM b
Km.ADP 0.126 mM b
Keq 631 dimensionless Banks and Vernon, 1970
Ki,Glc 0.1 mM C
KiGlesp 12 mM ¢

HXK Ki Fru 0.35 mM c

(Glc) K| Fru-6-p 12 mM c

a: A value of 69.1 was measured from ex vivo trypanosomes, a value of 125 is used in
simulations, fitted to the net ATP production of glucose-grown models.

b: No value measured for fructose (6-phosphate). Assumed to be similar to the value for glucose
(6-phosphate).

c: Competitive inhibitor, K; is identical to K.

Table 6.1.: Parameter values of fructose extension. Additional parameter values, all other
parameter values used in the models are shown in Table 3.2. Hexokinase can use two
substrates, glucose (Glc) and Fructose (Fru).

The steady-state flux through pyruvate kinase, responsible for net ATP production, is

more than halved when fructose is used instead of glucose (Figure 6.4B, 76 vs 188 nmol

-min~! - mg protein™!). The lower flux originates from the difference in the measured

transport capacity for fructose and glucose: the glucose transporter V4, is 111.7 nmol

- min~' - mg protein”! and K,, is 1 mM, while those numbers for fructose are 69.1

. mg protein™' and 3.91 mM. A 50% reduction in ATP production results

nmol - min~
in a growth arrest (Haanstra et al., 2011), contradicting that 7. brucei can readily use
fructose as carbon source and indicating that the measured fructose transport capacity is
incompatible with the dynamic model. The current model of trypanosomal metabolism is
based on enzyme activities from culture parasites, while the fructose transport activity is
measured from ex vivo trypanosomes. Additionally, it is possible that the parasite adapts
to growth in fructose by up-regulating its hexose transporters. A fructose transport V.,

1

of 190 nmol - min~! - mg protein! is required to achieve a similar steady state pyruvate

kinase flux as when glucose is used (Figure 6.4B).

Ablation of 6PGDH in the fructose models leads to a similar accumulation of 6-

PG (Figure 6.4A). The accumulation of 6-PG is dependent on the activity of the

1

fructose transporter, an activity of less than 150 nmol - min~! - mg protein™' does
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not lead to accumulation of 6-PG when the 6PGDH activity is reduced to 0.2 nmol -

min~! - mg protein”! (Figure 6.4A). However, ATP production is also significantly lower
(Figure 6.4B). The model therefore predicts that fructose is unlikely to rescue from the

explosive accumulation of 6-PG when 6PGDH is ablated.
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Figure 6.4.: Simulations of the fructose model. Results shown are for model 6, simulations
with model 5 give similar results. A: Heat-map of steady-state cytosolic
6-phosphogluconate (6-PG) concentration at various fructose transporter (FruTc)
and 6PGDH (6PGDH) activities. A steady-state could not be calculated for the
combination of parameters in the bottom right corner, due to continuous extreme
accumulation of 6-PG. B: Steady-state flux through pyruvate kinase (PYK) in
model 6 with no ablated 6PGDH activity, at different fructose transporter activities.
Solid line is result from model 6fru, dashed line is the steady-state flux in model 6
(using glucose).

6.2.3. Preliminary experimental results on ablation of 6PGDH

The model prediction that fructose is not able to rescue the ablation of 6PGDH in
trypanosomes was tested experimentally. A 6PGDHEM line was generated in our group
(Dr Vincent Alibu). Induction of the RNA interference by the addition of tetracycline
resulted in reduced levels and activities of 6PGDH (Dr Vincent Alibu).
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Reduced levels of 6PGDH are lethal for bloodstream 7. brucei, as shown in Figure 6.5.
I tested whether the growth of 7. brucei on fructose would rescue from the reduction in
6PGDH activity. Parasites were routinely grown in the glucose-medium and transferred
to fructose-medium upon induction of the RNA interference. The growth rate of 7. brucei
on fructose was slightly lower than on glucose (Figure 6.5) but 6PGDHENA! parasites did
not survive in either glucose or fructose medium upon reduction in the 6PGDH level
(Figure 6.5).

The slightly lower growth could be indicative that the ATP production is lower in
parasites grown on fructose, however, additional and more rigorous experiments are
required to confirm this. A reduced flux is contradictory to the findings of Kiaira and
Njogu (1989), who showed that ex vivo trypanosomes produce more pyruvate when
grown on fructose instead of glucose.
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Figure 6.5.: Growth curve of 6PGDHRN! on glucose and fructose. 6PGDHRNA! was cultured
in HMI-9 with 25 mM glucose and split at day 0. Two cultures continued growth on
glucose, while two additional cultures grown on fructose (25 mM). Tetracycline (1
ug - ml™") was added at day 0, cells were counted daily and diluted down to 1 - 10°
cells - mL™! when required. At day 3, no life cells were observed in the cultures
with tetracycline.
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6.3. Discussion

In this chapter I showed preliminary data suggesting that the inhibition of 6PGDH in T.
brucei is not lethal due to inhibition of PGI. Although preliminary, it does demonstrate
how the model generated in Chapter 3 can utilised to investigate trypanosomal

metabolism.

In silico analysis showed that either extreme accumulation of 6-phosphogluconate in
the cytosol, or the diminished flux through the PPP are the reasons why the loss of
6-phosphogluconate is lethal for 7. brucei. The two classes of models generated in
chapter 3 diverge only at the very low 6PGDH activity range, which are unlikely to
be reached in vivo, as the extreme accumulation of 6-PG would already be lethal to
the parasites. Mathematical models of the use of fructose in trypanosomal glycolysis
and PPP demonstrated that the lower affinity and activity of the hexose transporter
for fructose would be able to rescue the parasite from loss of 6PGDH, however, the
reduced ATP production flux would likely have severe effects on trypanosome growth.
Nonetheless, the reduced 6PGDH activity still impairs the parasites ability to deal with

oxidative stress.

The generation of a 6PGDH®¥4! (Dr Vincent Alibu) confirmed that reduced levels of
6PGDH are lethal to the parasites, and cannot be rescued by the addition of fructose, in

concordance with the in silico prediction.

However, these results are preliminary and require extensive scrutiny. Activity
measurements of 6PGDH in the 6PGDH®"4 line would be essential to quantitate
the level of 6PGDH activity required for parasite survival. Additionally, the fructose
transport activity should be measured in cultured 7. brucei that has adapted to growth on
fructose, such that this variable can be excluded from the results. The measurement of
pyruvate production by fructose-grown parasites can then be used to validate the model

when updated with new kinetics for fructose.



6.3. Discussion 152




Chapter 7

General discussion and future work

Predictive models of cellular physiology are of growing significance in biology, including
in the selection of drug targets and in predictive toxicology (Pujol et al., 2010). For
instance, stoichiometric genome-scale reconstructions of metabolism, are valuable tools
to identify targets in complex biological networks (Duarte et al., 2007; Ma et al., 2007,
Folger et al., 2011). These constraint-based models are relatively easily extended by
adding the stoichiometry of new reactions — the expanded models are mathematically
guaranteed to still provide feasible solutions if the starting model worked, adding
reactions can only increase the size of the cone of possible fluxes, with all previous
solutions still being part of the original solution space. As demonstrated in this thesis,
this is not the case for bottom-up dynamic models: adding new reactions can reveal
unexpected fragilities of the original model, and a much more careful approach is
required when extending such models. Nonetheless, the generated dynamic models can
present insights into metabolic pathways that stoichiometric models can not provide.

7.1. Unravelling glycosomal metabolism

In several rounds of experimentation and in silico simulations (Chapter 3), we added
the glycosomal and cytosolic branch of the pentose phosphate pathway (PPP) to a
model of trypanosomal glycolysis. The resulting models demonstrate the activation
of the PPP by induced oxidative stress, while it became apparent during the model
building process that balancing the glycosomal bound-phosphate levels is crucial for
this system. The extension of the glycolytic model with the glycosomal PPP introduced

the risk of a glycosomal phosphate leak. Two classes of solutions were explored in
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more detail, represented by a glycosomal RK that maintains the conserved moiety of
bound-phosphate within the glycosome, and an ATP:ADP antiporter that breaks the
moiety altogether. While both solutions are able to prevent the phosphate leak, the
antiporter would require tight regulation and the glycosomal RK only works at low ribose
concentrations. Deviations from standard conditions in the models suggest that a more

complex mechanism is involved in balancing the glycosomal bound-phosphates.

The compartmentalisation of a limited set of linear pathways can make a system rigid
and fragile, as there are strict stoichiometric rules that need to be adhered to, with a very
limited number of degrees of freedom. The presence of additional reactions can provide
more flexibility to a compartmentalised network. This was demonstrated in Chapter
3, where a turbo explosion was observed when a glycosomal ATP:ADP antiporter was
added to the glycolytic model. The presence of the pentose phosphate pathway did not
prevent the turbo explosion, but the observed accumulation of sugar-phosphates was less
profound.

Nonetheless, the extended models that were constructed-representing almost a doubling
of the number of reactions in comparison to the original glycolysis model-still suffer
from the rigid structure that is forced on the system due to the compartmentalisation.
The recently described channels in the glycosomal membrane (Gualdrén-Lopez et al.,
2012a,c) could provide additional flexibility to the system, and future work should
therefore be focused on the properties and consequences of these glycosomal channels,

as they could have important implications for the behaviour of glycosomal metabolism.

In preliminary mathematical modelling of glycosomal channels by Dr Fiona Achcar
(unpublished data; University of Glasgow), it appears that the effects of the presence
of such channels depends on which metabolites are and which are not transported
across the glycosomal membrane. The glycosomal channels likely possess selectivity
based on, for instance, charge, size or presence of a particular chemical group in the
metabolite. Simulations of different selectivity of the glycosomal channels indicate that
larger metabolites, such as ATP/ADP, NADH/NAD* and NADPH/NADP*, are likely
prevented from freely mixing with the cytosolic pools (unpublished data; Dr Fiona
Achcar, University of Glasgow). The presence of glycosomal channels provides more
flexibility to the system, however it is not sufficient to prevent the symptoms of the
phosphate leak I addressed in this thesis. Experiments can be envisaged that can test the
hypotheses that derive from the modelling of glycosomal channels, e.g. whether the sole
cytosolic localisation of one glycolytic enzyme allows the parasite to survive (in contrast
with the rather harsh ablation of PEX-proteins by RNAI that was done previously and
would affect all enzymes localised to the glycosome; Furuya et al., 2002; Kessler and
Parsons, 2005; Haanstra et al., 2008).
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The presence of transport across the glycosomal membrane is not the only way that
glycosomal metabolism might be more flexible than observed in the mathematical
models. The presence of additional reactions and pathways in the cytosol could
play essential roles in the functioning of the glycosome. Especially in combination
with the channels in the glycosomal membrane, as “lone” enzymes (whose substrates
and products are not involved in other reactions within the glycosome, therefore not
forming a pathway) could be connected to enzymes and pathways in the cytosol.
Phosphotransferases potentially play an important role in Trypanosoma and Leishmania
energy management, as these species have the largest number of phosphotransferase
isoforms found in a single cell (Pereira et al., 2011). For instance ArgK is localised
in the glycosome in 7. brucei (Colasante et al., 2006; Vertommen et al., 2008) while no
other enzymes have been shown to be present in the glycosome that can use arginine or
arginine-phosphate as a substrate (Colasante et al., 2006; Vertommen et al., 2008). Those
enzymes might well be present, but not detected in the proteomic experiments to date.
However, if arginine can freely cross the glycosomal membrane, then glycosomal ArgK
could provide an essential role in balancing the conserved moiety of bound phosphates
in the glycosome. Perhaps arginine-phosphate is too large for the glycosomal channels,
and can therefore function as a localised energy storage. Arginine-phosphate has recently
been shown to be involved in stress-responses in 7. brucei, where levels of metabolomics
experiments demonstrated that arginine-phosphate levels are decreased upon oxidative
stress, although further investigation in this is still ongoing (unpublished data; Dr Dong-

Hyun Kim, University of Glasgow).

Additionally, recent metabolomics experiments have shown that a succinate fermentation
pathway might be functioning in the glycosomes of bloodstream form 7. brucei
(unpublished data; Dr Darren Creek, University of Glasgow). Although the glycolytic
flux is far larger than any other glycosomal flux, it is well possible that these smaller
fluxes play essential roles in retaining redox and bound phosphate balances within the
glycosome. Succinate fermentation produces NADH, and as NADH is potentially too
large to pass through the glycosomal channels, it is possible that succinate fermentation
plays an important role to provide more flexibility in the redox balancing in the

glycosome.

Overall, a further unravelling of the metabolic processes that take place in glycosomes
will be essential to fully understand the functioning of this unique organelle. This
is of particular interest due to the absence of glycosomes in the mammalian hosts.
It is therefore pivotal to compare the trypanosomal metabolism with the host’s cells
metabolism. Such a comparison is not only informative for the identification of potential
drug targets against human African trypanosomiasis, but can potentially also provide

insights into human diseases of metabolism.
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It would be interesting to extensively compare the extended model of trypanosomal
metabolism with the model that describes glycolysis and the PPP in erythrocytes
(Mulquiney and Kuchel, 1999b, and briefly discussed in 1.8.4.2). In the first stage of
trypanosomiasis, the parasites reside in the mammalian bloodstream. Delivering drugs
in this stage is easier than in the later stage, where the parasite has crossed the blood-
brain barrier. Comparison of the models of erythrocyte and trypanosomal metabolism

might aid to indicate potential drug targets.

Glycolysis is the (almost) exclusive energy source for both erythrocytes (Chapman et al.,
1962) and bloodstream form trypanosomes, indicating that changes to glycolysis can
have major influences on both cell types. However, there are also a number of differences
between the erythrocyte and trypanosomes. For one, erythrocyte don’t have glycosomes
and therefore don’t suffer from the risks affiliated to the strict intraglycosomal bound-
phosphate balance that is seen in trypanosomes (see Chapter 3). On the other hand, 2,3-
bisphosphoglycerate (2,3-BPG) is an important metabolite in erythrocytes and is highly
regulated, as 2,3-BPG is a major modulator of haemoglobin oxygen affinity (Benesch and
Benesch, 1967; Gerber et al., 1973). In trypanosoma, 2,3-BPG has not been expected to

play an important role in metabolism (Chevalier et al., 2000).

7.2. How essential is the glycosomal PPP?

The hypothesis that a glycosomal RK could prevent the phosphate leak introduced by the
glycosomal localisation of the PPP was tested by using genetic mutants in RK (Chapter
4). A combination of knockdown and conditional knockout mutants indicated that only a
small quantity of RK is essential for trypanosomal survival. What has not been addressed
in this thesis, however, but could play an important role in the investigation in the

glycosomal PPP is whether the glycosomal localisation of the PPP is essential.

Various genetic mutants have shown that indiscriminate ablation of glycosomal and
cytosolic PPP activity is lethal for bloodstream form 7. brucei (Hanau et al., 1996; Barrett
and Gilbert, 2002). In Chapter 6 was showed how ablation of 6PGDH is lethal to T.
brucei. 1t was anticipated that the loss of 6PGDH results in a lethal inhibition of PGI,
however, we demonstrated that this is rather due to an impaired flux through the PPP
or the extreme accumulation of 6-PG. In other cell types, growth on alternative sugars
rescues a cell from the lethal loss of 6PGDH (Sukhatme and Chan, 2012), as the use
of these sugars bypass the PGI that is inhibited by accumulation of 6-PG. However, it
is possible that the lethality of these and other mutants is only a result of the cytosolic

ablation and not the glycosomal loss of the PPP. Potentially, the NADPH requirements
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in the glycosome can be regulated, such that the loss of PPP activity in the glycosome
will not have such a profound effect as the loss of all PPP activity. This could then
also explain why the ablation of RK activity did not affect trypanosome survival, as the
down-regulation of the glycosomal PPP would prevent the phosphate leak induced by
the loss of RK. Important for this is also whether the glycosomal channels are capable
of transporting NADPH, potentially providing the glycosome with cytosolic produced
NADPH.

A way of testing this would be to supplement one of the lethal RNAi mutants lacking
a PPP enzyme, such as G6PDH, with the expression of a PTS-less version of the same
enzyme. The originally ablated activity would then still be present in the cytosol, but
no glycosomal activity should be present. This will allow to study the importance of the
glycosomal PPP, while keeping the cytosolic PPP intact. With the PPP playing such an
important role in the parasites redox balance, it is imperative to understand why the PPP
is partly localised to the glycosomes.

7.3. Enzymes, the forgotten workhorses?

The investigations into trypanosomal metabolism in this thesis have also demonstrated
how little is known about enzymes. In the post-genomic era, it is becoming ever cheaper,
faster and easier to generate large datasets. The problem with acquiring large amounts of
data is to interpret the data. Whole genome sequencing, for instance, is already becoming
a routine procedure; however we only have limited understanding of the meaning of all

those millions of nucleotides in each genome.

In Chapter 5, it was discussed how sequence analysis can be employed to annotate the
genes by sequence similarity, but for a variety of reasons this cannot capture all of the
characteristics of the proteins they encode and experimental data is required to really
characterise the enzymes. Nonetheless, gene annotations based on sequence similarity
can still be used to construct genome-scale models of metabolism, and various methods
have been developed to analyse these metabolic networks without paying attention to
the underlying complexity of the enzymes. Although studies of genome-scale models
can be instrumental in the prioritisation of drug-targets and in synthetic biology, by
identify choke-points that can be targeted, it can be disconcerting to realise that the
real workhorses of metabolic pathways, the enzymes, are perhaps not given the research

attention they deserve.
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The catalytic activities of three putatively annotated 7. brucei genes were investigated in
Chapter 5 with an untargeted approach using metabolomics. The first gene, putatively
annotated as arginase, did not show arginase or related ureohydrolase activity, but rather
suggested a function as indole-oxygenase. The second gene, putatively annotated as N-
acetylornithine deacetylase, demonstrated activity and substrate promiscuity comparable
to E. coli N-acetylornithine deacetylase. However, the annotation as N-acetylornithine
deacetylase is misleading, as the enzyme demonstrates wide substrate promiscuity
and likely has a higher activity with N-acetylmethionine. The third gene, putatively
annotated as nicotinamidase, showed the expected nicotinamidase activity, although a

slight substrate promiscuity might exist.

Enzymology seems to be an art-form that is dying out, while the detailed analysis of
enzymes can be crucial for the behaviour observed in the whole system. If we are to build
silicon cells (Westerhoff, 2001; Snoep, 2005; Bakker et al., 2010), then quantitative and
accurate knowledge about enzyme promiscuity, moonlighting functions (Copley, 2003)
and their evolutionary advantage (D’ Ari and Casadesus, 1998) are certainly essential to

be able to succeed.
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Appendix A

Creek’s minimal medium (CMM)

Note: unpublished

Compound Concentration (UM)
Bathocuproine disulfonic acid 52
Phenolsulfonphtalein 42
HEPES 10,000
NaCl 77,590
CaCl, 1,490
KCl 4,400
MgSOy4 814
NaHCO;3 35,950
D-Glucose 10,000
L-Glutamine 1,000
L-Cysteine 1,000
Mercaptoethanol 192
FBS Gold (PAA) 10 % ¢
Arginine 100 ¢
Tyrosine 100 ¢
Methionine 100 ¢
Leucine 100 ¢
Phenylalanine 100 ¢
Tryptophan 100 ¢

a: Arginine, tyrosine, methionine, leucine, phenylalanine and
tryptophan are only added if a different brand of FBS is not
able to support growth. Certified tetracycline-free FBS from
Biosera requires the additional amino acids.

Table A.1.: Creek’s minimal medium (CMM).




Appendix B

Elementary mode analysis of

glycosomal proteome

A model of glycosomal metabolism was constructed, the metabolic reactions included
in the model were taken from comprehensible glycosomal proteomics data (Colasante
et al., 2006; Vertommen et al., 2008). Only those reactions expressed in the bloodstream
form were included. All reactions were set as reversible, except for GPO, PFK, FBPase,
PGL. Protons, Pi, PPi, H,O, CO, and O, were not included in the reactions. Glucose,

3-PGA, ribose and glycerol were set as external metabolites.
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Abbreviation EC Enzyme name Mode Ref.
OGDH 1.2.4.2 2-oxoglutarate dehydrogenase a
SRDSA 1.3.99.5  3-oxo-5-alpha-steroid 4-dehydrogenase a
6PGDH 1.1.1.43  6-phosphogluconate dehydrogenase X b
APRT 24.2.7 Adenine phosphoribosyltransferase X b
AdK 2.7.1.20  Adenosine kinase X b
ANase 3227 Adenosine nucleosidase X b
AK 2743 Adenylate kinase X a
AdSS 6.3.44 Adenylosuccinate synthetase b
ALD 4.1.2.13  Aldolase X a,b
AGPS 2.5.1.26  Alkyl-dihydroxyacetone phosphate synthase a
ArgK 2.7.3.3 Arginine kinase a,b
FBPase 3.1.3.11  Fructose bisphosphatase X a
FRD 1.3.1.6 Fumarate reductase b
G6PDH 1.1.1.49  Glucose-6-phosphate dehydrogenase X b
GAPDH 1.2.1.12  Glyceraldehyde-3-phosphate dehydrogenase x a,b
GK 2.7.1.30  Glycerol kinase X a,b
G3PDH 1.1.1.8 Glycerol-3-phosphate dehydrogenase X a,b
GPO 1.1.3.21  Glycerol-3-phosphate oxidase X a,b
GDA 3.5.4.15  Guanine deaminase b
HGPRT 2.4.2.8 Guanine phosphoribosyltransferase b
GNase 3221 Guanosine nucleosidase b
HXK 2.7.1.1 Hexokinase X a,b
HPRT 2.4.2.8 Hypoxanthine phosphoribosyltransferase a
IRH 3222 Inosine nucleosidase b
IMPDH 1.1.1.205 Inosine-5’-monophosphate dehydrogenase a,b
SOD 1.15.1.1  Iron superoxide dismutase b
IDH 1.1.1.41  Isocitrate dehydrogenase a,b
TDH 1.1.1.103 L-Threonine 3-dehydrogenase a
LysoPLA 3.1.1.5 Lysophospholipase a
MVK 2.7.1.36  Mevalonate kinase b
NADPHu NADPH utilization X

OMPRT 2.4.2.10  Orotate phosphoribosyltransferase a,b
OMPDC 4.1.1.23  Orotidine-5-phosphate decarboxylase a,b
PPI 5.3.1.6 Pentosephosphate isomerase X b
PEPCK 4.1.1.32  Phosphoenolpyruvate carboxykinase b
PFK 2.7.1.11 Phosphofructokinase X a,b
PGL 3.1.1.31  Phosphogluconolactonase X

PGI 5.3.19 Phosphoglucose isomerase X a,b
PGK 27723 Phosphoglycerate kinase X a,b
PMI 5.3.1.8 Phosphomannose isomerase b
PRPPsyn 2.7.6.1 Phosphoribosyl pyrophosphate synthetase X b
PYK 2.7.1.40  Pyruvate kinase a
RK 2.7.1.15 RK X a,b
TPI 5.3.1.1 Triosephosphate isomerase X a,b
GALE 5.13.2 UDP-galactose 4-epimerase b
XNase 32.2.1 Xanthosine nucleosidase b

Table B.1.: Additional glycosomal enzymes. All reactions present in the bloodstream form 7.
brucei glycosome, according to comprehensible glycosomal proteomics (ref. a:
Colasante et al., 2006; ref. b: Vertommen ef al., 2008). Only reactions present in the
bloodstream form of the parasite are included. Abbreviations and EC numbers are
given for each reaction. Indicated are what reactions are part of an elementary
model (Table B.2).



190

Mode Overall reaction Individual reactions

1

Glc — 2 3-PGA HXK, PGI, PFK, ALD, TPI, 2 GAPDH, 2 PGK, 2 G3PDH, 2
GPO

2 Glc — 3-PGA + HXK, PGI, PFK, ALD, GAPDH, PGK, G3PDH, GK
Gly
3 Gly — 3-PGA -GK, 2 GPO, GDH, TPI, GAPDH, PGK
4 Glc — Rib HXK, G6PDH, PGL, 6PGDH, PPI, 2 NADPHu, RK
5 Futile cycle 2 PFK, 2FBPase, RK, AK, APRT, ANase, -PRPPsyn, ADK
6 4 Gly - 2Glc 4 -GK, 4 GPO, 2 TPI, 2 -ALD, 2 FBPase, 2 —PGI, 2 -HK, RK,
AK, APRT, ANase, -PRPPsyn, ADK
7 4 Gly — 2 Rib 4 -GK, 4 GPO, 2 TPI, 2 —-ALD, 2 FBPase, 2 —PGI, 2 G6PDH, 2
PGL, 2 6PGDH, 2 PPI, 3 RK, AK, APRT, ANase, -PRPPsyn,
ADK, 4 NADPHu
8 23-PGA +2Gly 2-PGK,2-GAPDH, 2 -GK, 2 -GDH, 2 —-ALD, 2 FBPase, 2
— 2 Glc -PGI, 2 -HK, RK, AK, APRT, ANase, -PRPPsyn, ADK)
9 23-PGA +2Gly 2-PGK, 2-GAPDH, 2 -GK, 2 -GDH, 2 —ALD, 2 FBPase, 2
— 2 Rib —PGI, 2 G6PDH, 2 PGL, 2 6PGDH, 2 PPI, 3 RK, AK, APRT,

ANase, -PRPPsyn, ADK, 4 NADPHu

Table B.2.: Elementary modes of glycosomal proteome. The resulting model has 9

elementary modes, of which modes 1-4 are comparable to modes 14 in Table 1.2.
Elementary mode 5 is a futile cycle without external metabolites involved.
Elementary modes 6-9 are unlikely to occur in dividing bloodstream trypanosomes,
as a high glucose to pyruvate and glycerol flux is maintained. Additionally, the
activity of FBPase could not be measured (Cronin et al., 1989).



Appendix C

Parameter distributions

Courtesy of Dr Fiona Achcar, University of Glasgow.

C.1. Methods: sampling the parameters

The sampling methodology used is the same as described in (Achcar et al., 2012). We
sampled parameters simultaneously from the entire parameter space while respecting
thermodynamic constraints, usually from a log-normal distribution using experimentally
observed standard deviations. Thus, the distributions used to sample the parameters
reflect our uncertainty about the value of each parameter. In comparison to Achcar et
al., the time limit allowed for a given model to reach steady-state (from the initial values
based on the steady state of the fixed-parameter model) is increased to 1000 minutes
(instead of 300) to account for the larger size of the models. Except for time series
simulations, the results presented in the main manuscript are the steady state values of
only those models that were able to reach steady state within 1000 minutes. For the
glycolysis part of the models, the parameters and their uncertainties are the same as in

(Achcar et al., 2012) with the exception of the following parameters:

* The Vmax of the phosphoglycerate mutase is still unknown. The accumulation of 3-
phosphoglycerate described in (Achcar et al., 2012) when this V. is sampled
in the lower range of its values is still occurring after addition of the pentose
phosphate pathway. This issue is not modified by the addition of the pentose
phosphate pathway in any of the topologies described in Figure 3.3. However, in

order to limit the percentage of models that fail to reach steady state before 1000
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minutes, we limited the sampling of the Vi, of the phosphoglycerate mutase so
that 95 % of the models have values in the range [202.5; 250] with a median of 225

nmol - min~! - mg protein™! (distribution is log normal (Achcar et al., 2012))

* The Vnax of the pyruvate transporter is set using the median value and standard
deviation calculated from (Vanderheyden et al., 2000) as described in (Achcar
et al., 2012). Similarly, as for the phosphoglycerate mutase, the accumulation of
pyruvate observed when the Vi« of the pyruvate transporter is in the lower range

of its values is not modified by the addition of the pentose phosphate pathway.

New parameters: The parameters of the newly added reactions are sampled using the
same rules as used for the glycolysis parameters. The median values are set as the fixed-
parameter values described in the main article unless specified otherwise below. The
standard deviations are set as described in the sources of the fixed-parameter values,
when these mention a standard deviation or standard error of mean or using the mean

standard error of the other measured parameters as described in (Achcar et al., 2012).
Exceptions: The following parameter values remains fixed unless mentioned otherwise:

* The parameters of the black-box reactions of NADPH utilisation in the cytosol and

the glycosome.
* The parameters of the ATP:ADP antiporter.
* The parameter ktox of trypanothione oxidation.

Vmax of enzymes present in both the cytosol and the glycosome: The total activity
is sampled as described above. The cytosolic fraction is then computed from this total
activity and the fixed percentage of activity as described in the main article, the rest of the
activity is the glycosomal activity. This percentage of cytosolic activity is fixed except for
the cytosolic hexokinase activity, which is sampled from a uniform distribution between
1 and 10 percent, as its value has an important impact on some of the results as described

in the main article.

Glucose 6-phosphate phosphatase Vy,ax: This value is unknown. It is sampled from a
uniform distribution between 1 and 40 nmol - min™! - mg protein™! (this latter value is in

the range of the measured total phosphatase activity reported in (McLaughlin, 1986)).

Ribokinase Vpax: This value is unknown. As the equilibrium constant of ribokinase

favours the reverse direction more easily, we sampled the reverse V.« with a median of
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1000 nmol - min~! - mg protein™' and 97.5 % of the value sampled lower than 4000 nmol

-min~! - mg protein™' (log normal distribution).

Equilibrium constants: In addition to the equilibrium constants of the pentose
phosphate pathway reactions, equilibrium constants were introduced for pyruvate kinase,
hexokinase and phosphofructokinase as described in the methods subsection of the main
manuscript. All the new equilibrium constants are sampled using the fixed-parameter
value as a median and the relative standard error of the other equilibrium constants,
except for glucose-6-phosphate dehydrogenase for which the value used is the median
of the values published in (Wurster and Hess, 1970, 1973) corrected for pH (median
equilibrium constant = 7.0), and the corresponding standard error.

C.2. Distributions

Distribution of parameters and steady state fluxes and concentrations in the sampled
model based on model 6 (see Figure3.2). Most parameters are sampled from a log
normal distributions of mean and standard deviations based on experimental sources (see
the SilicoTryp Wiki! for detailed data and calculations), some parameters are calculated
from other sampled parameters for thermodynamical consistency. Detailed descriptions
can be found in the section above and in (Achcar et al., 2012). The vertical black lines
indicate the value in the fixed- parameter model. The units of the x-axis are as follows:

K, K; and K2 mM; V0: nmol - min~! - mg protein_1 ; others: unitless.

Distributions are shown from next page.

Thttp://silicotryp.ibls.gla.ac.uk/wiki
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