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Abstract

Trypanosomes are protozoan parasites causing sleeping sickness in humans.
The parasites live free in the bloodstream and the central nervous system of
mammalian hosts and also within the midgut of the vector, the tsetse fly. The parasite
plasma membrane represents the interface between both hosts and parasite, and
trypanosomes accumulate many essential metabolites via specific transport processes.

Very little is known about amino acid requirements in trypanosomes or about
amino acid metabolism. The aims of this thesis are to investigate amino acid
transporters with a particular interest in bloodstream form trypanosomes. The long
term goal underlying this study is to assess the possibility of using amino acid
transporters as gate ways for entry for drugs into the parasite. From this perspective,
transporters for amino acids of low abundance in human serum are of particular
interest since the quantity of drugs that would be needed to compete with the natural
substrate should be lower than for a more abundant substrate.

Two approaches have been used to investigate the nature of amino acid
transport in T. brucei. The first approach involved studying the uptake of
radiolabelled amino acids by the parasite, the second approach involved the
identification, cloning and expression in a heterologous system of a gene encoding for
a putative amino acid transporter.

The biochemical approach revealed that methionine uptake was of relatively
high affinity in procyclic and bloodstream forms and dependent on a proton motive
force. The recognition motif of this transporter encompasses the amino acid core as
well as the two carbon atoms of the side chain.

The anionic amino acids, aspartate and glutamate, were shown to be taken up
poorly or not at all by specific transport mechanisms in the two forms of the parasite.
The aromatic amino acids, phenylalanine, tyrosine and tryptophan, are taken up via
several different routes indicating the importance of these amino acids for the
parasite.

The cloning and expression of TbAATPI in Xenopus oocytes revealed that this
gene encodes for an amino acid transporter that is able to transport tyrosine,

glutamine and glutamate.
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TbAATP]1 is the first member of what was subsequently shown to be a family
of genes, encompassing at least twelve members present on three different
chromosomes (IV, VI, VIII). On chromosome IV, six of these genes appeared to form

a cluster.
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Chapter VI: Identification of a family of amino acid transporter genes

6.2.5. Phylogenetic analysis:

In order to relate TbAATP1-11 family members to known amino acid
transporters that have been described in other organisms, a sequence alignment including
the TDAATP family members, but excluding T)CAATP, with a large number of amino
acid sequences from other organisms including plants, mammals and yeast was created
(Tree 6.3). The TbDAATP family appeared to be more closely related to the mammalian
amino acid transporters than to representatives from plants or yeast. Examination of Tree
4 revealed that among the numerous neutral amino acid transporters known in mammals
the eleven members of the TDAATP family are closest in terms of amino acid sequence
similarity, to systems A and N.

The highest homology score obtained for TODCAATP (using a tBLASTN search
at NCBI) was to mammalian cationic amino acid transporters. Several sequences
encoding cationic amino acid transporters from plants (Arabidopsis thaliana), yeast
(Saccharomyces cerevisae), and from mammals (Homo sapiens and Rattus norvegicus)
were aligned with the TbOCAATP amino acid sequence and a separate phylogenetic tree
was created. As expected the sequences clustered according to the different kingdoms
and interestingly TbDCAATP was found to cluster with the mammalian cationic amino
acid transporters. In mammals, four families of cationic transporters have been described:
the y+ family, also named the CAT family, which encompasses three members, the y+L
family that also carries some neutral amino acids when associated with a heavy chain
(4F2hc): the bo+ family which is also associated to a side chain named rBAT and the
Bo+ system. Among these four families of cationic amino acid transporters, THCTAAP
seems to be most similar to the CAT family (Tree 6.4).

A more general picture is given in Tree 6.5 in which the entire putative
THAATP family is compared to amino acid sequences including neutral and charged
amino acid transporters from mammals, plants and yeast. In this tree all the amino acid
transporters for Saccharomyces cerevisae are grouped in one cluster. The same is

observed for those from Arabidopsis thaliana while for mammalian amino acid
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Chapter VI: Identification of a family of amino acid transporter genes

transporters the neutral amino acid transporters form a separate cluster form the charged
amino acid transporters. The TbAATP1-11 family forms a cluster related to mammalian
system A and N and TbCAATP forms a cluster with mammalian cationic amino acid
transporters.

This large tree which provides a position of the TbAATP family among
scquences representing each family of known amino acid transporter sequences from
three different kingdoms confirms the observations brought out from previous trees

1) the 7. brucei amino acid transporter family is closer to the mammalian amino
acid transporters than to yeast or plants.

2) the eleven TBAATP members resemble system A and N in mammals.

3) one putative T. brucei transporter is significantly different, in terms of amino
acid sequence, from the other members of the TBAATP family, and this relates closely
the cluster of mammalian cationic amino acid transporters, and in particular with the
CAT family.

140



Chapter VI: Identification of a family of amino acid transporter genes

Histidine permease [S. cerevisae] ~ Arginine permease [S. cerevisae]

Lysine permease [S. cerevisae)
bot [H. sapiens]
bot [R norvegicus)

Cationic amino acid permease [A. thalianal

YHL[R norvegicus)

y+L [H. sapiens
ThCAATP [T. brucei]

CationicAA transporter [A. thaliana)
= CAT2 [H. sapiens]
ionic AA transporter [A. thaliana
[ ] CATI1 [H. sapiens]

CAT3 [H. sapiens]

Tree 6.3: Phylogenetic tree for the putative 7. brucei cationic amino acid transporter
TbCAATP and cationic amino acid transporters from Saccharomyces cerevisae, Arabidopsis thaliana,
Homo sapiens and Rattus norvegicus. The tree was generated using the Neighbor-joining program using

ClustalX 1.5. Bootstrap values correspond to 1000 random runs.
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Tree 6.4: Phylogenetic tree for proteins of the TDAATP1-11 family and mammalian neutral
and charged amino acid transporters. The trees were generated using the Neighbor-joining program
using ClustalX 1.5. Bootstrap values correspond to 1000 random runs. Panel 3-A) diplays a distal

representation of the tree, panel B) displays a rectangular representation of the same data
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Chapter VI: Identification of a family of amino acid transporter genes

6.3. Discussion

In this chapter the presence in Trypanosoma brucei of a family of amino acid
transporters genes containing at least 12 members was described. To date approximately
84% of the T. brucei genome has been sequenced (S. Melville, personnal
communication) indicating that additional genes could be members of this family.

A comparison based on amino acid sequence alignment showed ten percent of
residues are shared between the eleven members of the TDAATP family. This level of
identity is similar to that observed in other systems including mammals and yeast and
reveals a relatively heterogeneous family.

An alignment of ThDAATP1-11 with TbCAATP indicated that these proteins are
structurally relatively distantly related with only nine amino acids strictly identical
among all the TBAATP members. This is also observed between the neutral amino acid
transporters and the cationic amino acid transporters in mammals.

A phylogenetic analysis based on an amino acid sequence alignment of the
TbAATPI1-11 family revealed that the highest degree of homology was found between
the T. brucei amino acid transporters and the mammalian amino acid transporter systems
A and N. While TbCAATP was closest to mammalian CAT family. Trypanosomes
belong to the order Kinetoplastida which branched from the eukaryotic evolutionary tree
very early. It is therefore surprising that trypanosome transporters are more similar to
mammals than they are to other eukaryotes including yeast and plants. It is possible that
since trypanosomes have co-existed with mammals for millions of years their amino acid
transporters are similar because they face the same environment. Convergent evolution or
lateral gene transfer, might explain the similarities. However, during its life cycle
trypanosomes also reside in the tsetse fly and it would be of interest to know where
insect amino acid transporters cluster relative to the mammalian and trypanosome ones.
Moreover, it would be of interest to compare the trypanosome sequences to those of
other kinetoplastids which are either parasites of insects (e.g. Crithidia) or free living

organisms (e.g. Bodonids).
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Chapter VI: Identification of a family of amino acid transporter genes

Most of the genes have been localised to particular chromosomes within the
genome, with the exception of ThAATP 4, 5, 6. They are present on three different
chromosomes: IV, VI and VIII. ThCAATP was found as a single copy gene on
chromosome VI. The clustered organization of ThAATP 3, 7, 8, 9, 10, 11 on chromosome
IV has also been observed for the THTI and THT?2 genes encoding glucose transport in
trypanosomes. However in 7. brucei the genes encoding the THT1 isoform are followed
by the genes encoding the THT2 isoform, while in T, congolense TcoHT! and TcolIT2
alternate (Bringaud et al, 1998). Seven identical genes encoding for a putative
galactosyltransferase were clustered upstream of this cluster. Many other genes in
trypanosomes including ubiquitin and tubulins are also present in tandem arrays.

The genomic organization of the flanking region of ThCAATP revealed the
presence of a phosphatylinositol 3 kinase gene. Interestingly a similar gene was found to
be present in the flanking region of the glucose transporter gene cluster. This enzyme is
involved in the regulation of the vesicle trafficking and could possibly be involved in the
targeting of TDCAATP.

It is most likely that the transport of amino acids occurs at several membranes in
trypanosomes including 1) the plasma membrane for the acquisition of amino acids from
the host 2) the mitochondrial membrane, since protein synthesis occurs in the
mitochondria and amino acids also need to be carried into this compartment 3)
membranes of the lysosomal/endosomal system which possess both acquired and
endogenously produced proteins which are degradated and released back to the cytosol.
The localisation of the different transporters of the ThPAATP family within the cell is not
known at this point. However, a putative signal peptide for the mitochondrion is found at

the amino terminus of TOCAATP sequence.
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Chapter VII: General discussion

7.1- Overview

The aim of this project was to investigate amino acid transport in Trypanosoma
brucei with a particular interest in transporters with high affinity for substrate. The long-
term goal underlying this study was to identify putative gateways for drugs to enter
trypanosomes.

The project consisted of two separate approaches: (1) a biochemical approach
based on measurements of the uptake of radiolabelled amino acids by bloodstream or
procyclic form trypanosomes, (2) a cloning and expression approach of a putative 7.
brucei amino acid transporter gene, identified by searching the T. brucei genome
databases, using Xenopus oocytes.

Using the biochemical approach the uptake of methionine was studied in
procyclic and bloodstream forms of T. brucei. Methionine appeared to be taken up only
via only one transporter and could therefore be studied in detail in the parasites.
Methionine transport appeared to be dependent on the proton motive force and the amino
acid core is essential for the recognition of substrate by the transporter. Phenylalanine
and tryptophan was shown to be transported by at least two different routes. The
presence of multiple transporters for the same substrate was an obstacle to the detailed
characterization of each individual transporter. This problem highlighted the limitations
of this biochemical approach and emphasised the necessity of studying individual
transporters in isolation.

Towards this goal, a putative amino acid transporter gene, ThAATPI, was cloned
and expressed in Xenopus oocytes. This gene encodes a protein containing 11 putative
transmembrane domains and functional expression of this gene showed that glutamate,
glutamine, and tyrosine were substrates for this transporter. Methionine, phenylalanine,
tryptophan, leucine, and isoleucine were significant inhibitors of tyrosine uptake which
suggest that these amino acids are also possible substrates.

The expression of TbAATP1 in Xenopus oocytes was technically difficult
because of the irregular quality of the oocytes, and the presence of a relatively high

endogenous amino acid uptake. Xenopus oocytes possess multiple amino acid
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transporters at the plasma membrane and the level of endogenous transport can greatly
vary from one batch of oocytes to the other made systematic reproducibility of ThAATP!

expression.

Other expression systems including mammalian CHO (Chinese Hamster Ovary)
cells could have been used but these too would have had endogenous transport activity
and presented similar difficulties.

The identification of ThAATPI led to the discovery of others genes using the T.
brucei databases. These genes form a family of twelve members and four of these genes
are found in a cluster on chromosome IV. A putative cationic amino acid transporter
gene was also found on chromosome VI. The presence of at least twelve genes in the T.
brucei genome encoding for amino acid transporters is relatively high. However, some of
these genes could be isoforms differentially expressed throughout the life cycle of the
parasite. Amino acid transporters are also abundant in plants, mammals and yeast (Cf.
part 2.4.1 and 2.4.2 of Chapterl).

Phylogenetic analyses comparing TbBAATP family members with amino acid
transporters from plants (4rabidopsis thaliana), yeast (Saccharomyces cerevisae) and
mammals (Homo sapiens) were based on amino acid sequence alignments. This choice
of trees based on amino acid sequences and not DNA sequences, is justified for several
reasons: 1) the question addressed was a comparison in terms of function and this
information is carried by protein sequences, 2) multiple codons encode for the same
amino acid and the different codons can be used with a different frequency by different
species (known as “codon usage™), 3) The genetic code is based on the use of A, G, C, T
while protein sequences are based on 20 amino acids. Thus, the probability of residues
randomly aligning is significantly higher with DNA sequences than with amino acid
sequences (particularly if gaps are allowed).

This study revealed that 7. brucei amino acid transporters are more closely related
to mammalian amino acid transporters than to yeast or plant amino acid transporters. It is
tempting to speculate that this may arise from horizontal gene transfer or of co-evolution

due to the fact these transporters face in the same environment.
;\/\_/N'\\/\\\_/M —
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Chapter VII: General discussion

7.2. Interpretation
7.2.1. A window on trypanosome metabolism
Methionine and aromatic amino acids

The presence of at least three transporters involved in the transport of aromatic
amino acids points to the importance of these molecules for parasite metabolism. Other
than incorporation into proteins, the main use of aromatic amino acids in trypanosomes
appears to be for transamination of a-ketomethiobutyrate into methionine (Berger ef al.,
1996). Berger suggested that trypanosomes have a high capacity to transport aromatic
amino acids and that blocking this uptake could be a putative target for chemotherapy.
The data obtained on aromatic amino acid transport in this study confirms the high
capacity of trypanosomes to scavenge these molecules. However, the presence of
multiple transporters for aromatic amino acids would make the inhibition of their uptake
a goal difficult to achieve. It is also interesting to note that methionine and the aromatic
amino acids appear to share one transporter. This observation raises questions about the
potential of regulating the transport activity according to the metabolic requirements

related to methionine cycle. Future studies seeking such regulation would be of interest.

Glutamate and glutamine

In bloodstream form trypanosomes glutamate is abundant (12% of the free pool
of amino acids) and represents the second most abundant amino acid after alanine. The
data obtained on glutamate transport revealed a relatively poor capacity of trypanosomes
to scavenge glutamate and this data suggests that most glutamate is probably synthesised
from other amino acids. Glutamine is a candidate and has been shown to be a relatively
good substrate of ThDAATP1. There is also some evidence of the presence of a glutamate-
pyruvate transaminase in bloodstream form trypanosomes, allowing the formation of

alanine from glutamate and vice versa.
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7.2.2. Consequences for the mammalian host.

The definition of a parasite is an organism that “eats at the table of another one™.
In the context of a study on amino acid transporters the question of the impact of the
parasite on the level of amino acids in the infected host can be addressed.

A dramatic decrease in tryptophan and tyrosine concentrations has been measured
in the serum of mice infected with 7. brucei (Newport et al., 1977, Vincendeau et al.,
1999). However, the presence of a multiple transport system for the aromatic amino acids
in trypanosomes is not likely to be directly involved in the decrease because of the
regular input from the diet. As suggested by Hall and Seed, this decrease is more likely
to be due to a disturbance of the host aromatic amino acid metabolism (Hall and Seed,
1984) with a very limited conversion of phenylalanine to tyrosine in infected Microtus
(Seed et al., 1982) and an increased urinary excretion of aromatic amino acid catabolites
(Hall and Seed, 1984).

Amino acid availability plays an important role in the regulation of
neurotransmitter synthesis. Phenylalanine and tyrosine are precursors of the
catecholamines: dopa, dopamine, noradrenaline and adrenaline. Tryptophan is the
precursor of serotonin. The transport of essential amino acids from blood to brain is
regulated at the blood brain barrier (BBB) by the presence of a variety of amino acid
transporters. Boado et al., have shown the presence of system L (or LAT) at the BBB
with a much higher affinity (1-100 pM) than system L in peripheral tissues (1-10 mM)
(Boado et al, 1999). Multiple behavioral disorders are associated with African
trypanosomiasis: dementia, sleep disorders, and affective disorders are observed in
sleeping sickness patients (Keita et al., 1997, Buguet ef al., 1999). Studies comparing the
level of various neurotransmitters in the brains of mice infected by T. brucei and non
infected mice showed an alteration in monoamine neurotransmitters. A fall of more than
20% in serotonin levels has been observed in experimental trypanosomiasis (Stibbs,

1984, Stibbs and Curtis, 1987). In this context several hypothesis can be made:
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1) the presence of trypanosomes in the brain might deplete the CSF of amino
acids crucial for the synthesis of neurotransmitters

2) the parasites could have the ability to deregulate the function of these
transporters mammalian transporters

3) the parasites could also affect the metabolism of different neurotransmitters. In

infections by 7. cruzi an alteration of acethylcholine receptors has been shown to

occur in the brain as well as an alteration in the activities of choline

acetyltransferase and acethylcholine esterase (Tanowitz et al., 1983).

7.3. Future Work

Further characterization of TbAATP1 should consist of a complete investigation
of the substrate specificity of ThPAATP1 by measuring the kinetics of uptake of
radiolabelled phenylalanine, leucine and isoleucine.

Mammalian system A and N have been shown to be dependent onto Na* and
although none of the nutrient transporters characterized in trypanosomes have shown any
Na® dependency it would be of interest to investigate the ion dependency of TPAATP1.

In order to determine if TbDAATPI is essential for the parasite a gene knock-out
would have to be undertaken. This can be achieved either by replacing both alleles of the
gene with antibiotic resistance markers, or using RNA interference technology (Shi,
2000). Uptake of tyrosine, glutamine and glutamate should then be measured in the
knock-out mutant and compared to the wild type.

Hydropathy plots of the amino acid sequences of TbAATP! predicted the
presence of eleven transmembrane domains. A more comprehensive topology of the
transporter could be determined by assessing the extracellular accessibility of single
cysteines to sulfhydyl-modifying reagents (Loo and Clark, 1995). The technique is based
on the creation of transporter mutants in which the cysteines have been removed by site-
directed mutagenesis and a single cysteine is introduced in different parts of the
sequence. The availability of these individual cysteines to impermeant reagents that react

with the sulfydryl residue of the amino acid determines its extracellular accessibility.
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The role of particular residues in the amino acid sequence of the transporter could
be investigated by altering these by site directed mutagenesis and measuring uptake of
labelled amino acids and inhibition by various analogues.

The localization and distribution of TbAATP1 could be investigated by the
production of polyclonal or monoclonal antibodies against the parts of the protein which
are predicted to be extracellular.

TbAATP!1 is member of a family of amino acid transporter genes and the T.
brucei genome project is close to completion. However approximately 20 % of the
genome is still unknown, suggesting that other members of the amino acid transporter
family could still be found. In order to identify the complete family, the databases should
be searched regularly and a systematic cloning and expression approach should be

undertaken for all the family members.

7.4. Amino acid transporters and drug design.

Although TbAATPI1 possess structural homologies to mammalian amino acid
transporters, functional differences between the two systems are indicative of the
presence of different recognition motifs.

Using these transporters as gateways for drugs is a long term goal and the first
step towards this goal is to characterize this family of transporters in trypanosomes. The
role of the P2 nucleoside transporter as a gateway for trypanocidal drugs and its role in
the mechanism of resistance to these drugs has set various precedents on features making
a transporter a good potential drug carrier. Theoretically, the best strategy in terms of
drug design would involve the use of a cocktail of drugs able to enter the cell via
different transporters. Practically this requirement would increase the cost of drugs and
make them less affordable to the third world countries facing sleeping sickness.

Studies into amino acid transporters will also provide key information about
amino acid metabolism in trypanosomes. For example the inhibition of an enzyme
involved in the synthesis of one that is not scavenged would represent an ideal target for

chemotherapy.
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Saccharomyces cerevisiae possesses transporters that are sensors for glucose
(Kruckeberg, 1998) and amino acids (Iraqui et al., 1999), the presence of such sensors or
of a mechanism of regulation of amino acid transporters in trypanosomes would be of
interest to investigate.

Ultimately amino acid transporters in T. brucei represent potential gateways for
new drugs by fulfilling the criteria set out in part 3 of Chapter I. The identification of a
family of genes and establishment of a functional expression system leads to optimism

that mechanisms to exploit these molecules in chemotherapy may be found.
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Appendix-Chapter I

Amino acid concentrations in human serum

Amino Acid Concentration Amino Acid Concentration
Glutamine 0.7 mM Histidine 0.09 mM
Alanine 0.3 mM Arginine 0.08 mM
Cysteine 0.25 mM Isoleucine 0.07 mM
Valine 0.25 mM Asparagine 0.06 mM
Glycine 0.23 mM Tyrosine 0.06 mM
Proline 0.2 mM Phenylalanine  0.06 mM
Lysine 0.19 mM Tryptophan 0.04 mM
Threonine 0.14 mM Glutamic acid  0.04 mM
Leucine 0.13 mM Methionine 0.02 mM
Serine 0.11 mM Aspartic acid  0.005 mM

Amino acid concentrations in human serum Amino acids with a concentration above 100 uM

are indicated in blue, in red are the amino acids with a concentration below 100 pM ( Modified from
Brody, 1994).

Proton Motive Force (Equation 1)

PMF = Vm-(2.3RT/F)(pH;-pH,)

Vm is the membrane potential, T the temperature in degree Kelvin and R is the gas

constant

177



Name Abbreviations

Amino Acids

Linear structure formula

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine  GIn Q
Glutamic ac  Glu E
Glycine Gly G
Histidine His H
Isoleucine Ile 1

Leucine Leu L
Lysine LysK

Methionine Met M
Phenylalanine Phe F
Proline Pro P

Serine Ser S

Threonine  Thr T
Tryptophan Trp W
Tyrosine Tyr Y

Valine ValV

CH3-CH(NH2)-COOH
HN=C(NH2)-NH-(CH2)3-CH(NH2)-COOH
H2N-CO-CH2-CH(NH2)-COOH
HOOC-CH2-CH(NH2)-COOH
HS-CH2-CH(NH2)-COOH
H2N-CO-(CH2)2-CH(NH2)-COOH
HOOC-(CH2)2-CH(NH2)-COOH
NH2-CH2-COOH
NH-CH=N-CH=C-CH2-CH(NH2)-COOH
CH3-CH2-CH(CH3)-CH(NH2)-COOH
(CH3)2-CH-CH2-CH(NH2)-COOH
H2N-(CH2)4-CH(NH2)-COOH
CH3-S-(CH2)2-CH(NH2)-COOH
Ph-CH2-CH(NH2)-COOH
NH-(CH2)3-CH-COOH
HO-CH2-CH(NH2)-COOH
CH3-CH(OH)-CH(NH2)-COOH
Ph-NH-CH=C-CH2-CH(NH2)-COOH
HO-p-Ph-CH2-CH(NH2)-COOH

(CH3)2-CH-CH(NH2)-COOH
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Appendix-Chapter I1

BIOCHEMISTRY

BUFFER FOR TRANSPORT ASSAYS

CBSS

Hepes 25 mM
NaCl 120 mM
KCl 54 mM
CaCl, 0.55 mM
MgSO, 0.4 mM

Na,HPO, 5.6 mM
D-glucose 11.1 mM

Adjust to pH 7.4. Store at —20°C

BUFFER FOR ELUTION OF TRYPANOSOMES FROM DEAE COLUMN

Stock Phosphate-Buffered Saline (PS)

Na,HPOQ, (anhydrous) 13.48¢
NaH2P04.2H20 0.78g
NaCl 4.25¢g

Make up to a final volume of 1000 ml in distilled water at pH 8.

Preparation of Phosphate-buffered Saline-Glucose (PSG 6:4) (Separation buffer)

To 6 volumes of PS add 4 volumes of H,0 and 1% of glucose (w/v). Adjust at exactly
pH 8.
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BUFFERS TO MAINTAIN XENOPUS OOCYTES

NaHCO;
HEPES-NaOH
CaNO;.4H,0
CaCl2 .6H,0
MgS0,.7H,0
Sodium penicillin

Streptomycin sulphate

Barths without Ca®*

NaCl

KCl

NaHCO;
HEPES-NaOH
MgS0,.7H,0
Sodium penicillin

Streptomycin sulphate

88 mM

I mM
24 mM
15.0 mM
030 mM
041 mM
0.82 mM

10pg/ml
10pg/ml

88 mM
ImM

24 mM
15.0 mM
1.64 mM

10pg/ml
10pg/ml
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MOLECULAR BIOLOGY

SOLUTION FOR DNA ELECTROPHORESIS

50 X TAE

Trizma base 242 g
EDTA 186 ¢
Make up to 800 ml and adjust to pH 8 with glacial acetic acid. Make up to a final

volume of 1000 ml. Store at Room temperature.

SOLUTION FOR NORTHERN GEL BUFFER

20 X Northern Gel Buffer

Na,HPO, 036 M
NaH,PO, 0.04 M

1x Northern Gel Buffer

For 500 ml

20 x Northern Gel Buffer 25 ml
Formaldehyde 44 ml
H,O0 430 ml

SOLUTIONS FOR BLOTTING

Depurination solution

HCl 11 ml
distilled water 989 ml

Store at room temperature
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Denaturation buffer

NaCl 87.66¢g
NaOH 20 ¢

Make up to 1000 ml. Store at room temperature.

Neutralization solution

NaCl 87.66 g
Trizma base 60.5 ¢
Add 800 ml of distilled water and adjust to pH 7.5 with HC]. Make up to a final

volume of 1000 ml. store at room temperature.

SOLUTIONS FOR HYBRIDISATION

20 x SSC

Tri-sodium citrate 88.23 g
NaCl 17532 ¢
Check the pH is 7-8. Make up to a final volume of 1000 ml. Store at room

temperature.

100 x Denhardt’s solution

Bovine serum albumin 2¢g
Ficoll 400.2¢g
Polyvinylpyrolidone 2g

Make up to a final volume of 100 ml. Store at -20 °C.
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SOLUTIONS FOR E. COLI TRANSFORMATION

Luria Bertani medium (LLB)

Bacto-tryptone 10g

Bacto yeast extract 5 g

NaCl 10g

Make up to 800 ml and adjust at pH 7 with NaOH. Make up to a final volume of 1000

ml. Sterilise by autoclaving.
For solid LB medium add Bacto agar 15g/1.

Ampicillin (Stock solution)

50 mg/ ml dissolved in distilled water. Sterilised by filtration using a syringe filter
(0.2 pm). Store at -20 ° C.

X-Gal (Stock solution)

50 mg/ml in dimethylformamide. Store at ~20 ° C

IPTG (stock sloution)

0.4 M dissolved in dd H,0. Store at —20 ° C.
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Appendix-Chapter VI

PREDICTED AMINO ACID SEQUENCES OF THE TWELVE MEMBERS OF THE TbAATP

FAMILY.

TbAATP1 (467 AA)
MTSINAQPPNSATYPQDDHGSAEVVNLNAEVERPQPEEQKDGGGCFARVSLFMATIIPPGGIAASAF
NIGSTTIGAGIFGLPAAANSSGLVMAMIYLIIITAMTIFSIYALGVAAERTNIRTYEGVARALLGPWGA
FCTAAARTFFSFSACVAYVISVGDILSATLKGTNAPDFLKQKSGNRLLTSLMWLCFMLPLVIPRHIDS
LRHVSTIAFILMIYMVLVVVVHSCMNGLPENIKNVSVGKDDNAEIILFNSGNRAIEGLGVFIFSYLFQI
TAYEVYMDMTNRSVGKFVLVVTIAMGMCLPMYALTAFFGYMDFGRNVTGSVLLQYDPVNYPAV
MVGFVGVLVMLFVSYALLGLACRNALYDVIGWDFREVAFWKHCIAVVTLSVVMLLCGLFIPKITT
VLGFAGSFCGGLLGFILPALFFMYSGGFTWQKVGPFYYISTYVLLITGVIAAVFGTGATIWAVTVG

TbAATP2 (402 AA)
MVDCTRSCALNLASATLGAGICSLPAGFNLSGIVMSCIYLVCVAVGTVYSLNLLAKVAVKTGSRNY
GEAAKAVMGPLAGYYTAALMIVMCFGGSVAYIIIIGIILKAVLNRDGVPEYLKSESGNRLMTSMVW
LVIILPMCIPKQVNSLRHLSFVGVMFIVYFSCVVIGHSINKIINEGVADGIVYMRTGNSALDGLSLFLF
SFICQPNAFEIFREMKHRSPQRFTIYGTVGMSMCAVLYFLVGLFGYLEFGGDAIDTVLSLYDPGENV
AVAIAYIGVAAKVCVAFALHIIPMRDALYHCTGWHVDTVPYWKHSLIVTSITLAALLMGLFIPKAST
VFGLVGAFCGGHIGLVLPPLFYMYSGGFTREKVGNIDFFGTYLLLFVGVVAGVFGTVSTIYNTVP

TbAATP3 (450 AA)
MEVRNEPIGCCDAAVDPKSQEQREGTGFLARMSTFVATAIPPGGIAASAFNIASSTVGAGIVGLPSA
ANSSGLVMAIVYLIHITVMTIFSIYALGVAADKTKTHDFEGVAKVLFGAKGSYLVAATRAFHGFSGC
VAYIISVGDILSAILKGTDAPDFLKEK WGNRLLTFIMWLCFMLPLAIPREVNSLRYVSTFAVSFIVYL
VIVIVVHSCMNGLPENIKNVSVGRNDVAAIVLFNSGNKAIEGLGVFIFAYVSQITAYEVYVGMTNRS
VGKFVMASTIAMAVCFTMYVLTAFFGYLDFGRDVTGSVLLMYDPVKEPAIMVGFIGLLVKLFASY
ALLGMACRNALYSIIGWDAEKVMFWKHCVAVVTLSVIMLLCGLFIPNINTVLGLAGSISGGLLGFIF
PALLLLYAGGFTWQKVGPFHYIATYTVLITGVIAIVFGTGASIWGAINI

TbAATP4 (460 AA)
MRATKKHPNDGKGATTDPFVDGSDPIPSEVAAFDPSQQEHVDVVKEVKPSLFTVLLEKFIPHGGLW
SCALNLASATLGAGICSLPAGFNLSGIVMSCIYLVCVAVGTVYSLNLLAKVAVKTGSRNYGEAAKA
VMGPLAGYYTAALMIVMCFGGSVAYIIIGIILKAVLNRDGVPEYLKSESGNRLMTSMVWLVIILPM
CIPKXVNSLRHLSFVGVIAIAYFAFFSVGHSINKIINEGVADDIVYMRXGNSALDGXSLFLFSFICQPN
AFEIFREMKHRAPQRFTIYGTVGMSICAVLYFLVGLFGYLEFGGKSVDTVLSLYDPGQGVAVTIAYI
GVAIKITVAYALHAIPIRDSVYHCVGWHVDTVPYWKHVVVVVAINFTSLITGLFIPKATTVFGLVGA
FCGGHIGLVLPPLFYMYSGGFTREKVGNIDFFGTFLLLFVGVVAIVFGTVTTIYNTVP
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TbAATPS (376 AA)
MGILYLVIINCMTIYSMYNLALAAERSKALTYEGVTFVVLGRWAAYAIAAVRAFDGFTSCIAYVISV
GDIFSSILKGTDAPEFWKGNTGNRLLTALLWLCCMLPLVIPRHVDSLRHVSTCAVTFMVYFVIVIVV
HSCLNGLPENIKDVSVGKSDTAAIILFNSGNAAVEGLGVFMFSYTCQDTAYEIYMDMKDRSVRKFV
ISSAIAMCMCTVLYILTVXXGYMDFGRDVTGSILLMYDPVNEPAVMVGMIGVLVKLIASYALLAM
ACRNALYSIAGKNADVLPFWKHCASVVTLSVAALVLGLFIPKVNTVLGFAGSITGGSLGYIFPSLLL
MYSGGFTWQRVGPFHYLVAYGLLISGVVGVVFGTGATIWGTIVG

TbAATPG (459 AA)
MLSPTEPLGSGKAHTEVVTDEGEXYGAMSAADEKSHHKNGDTXTTDSKFMQCINAIIPHGGALSTT
FNLGSATLGAGVIXLAIAFQXSGVIPSILILITVTVLTIYSVGLMMQAVEMTGYNSYADLSRNLFGPG
WDYFTISVSWLFTFGTCVSYVIATGYLVDSVLSGSSALEFFQGKTGNRVITSIITWFVGMFSLSLPKEIN
SLRYASAIAVLFVFYFVICIVVHSAKNGLKDGKLPEDVEMFKSGNRAIXGLSIFMFSYLCHMNCFSIY
SEMRKPSARRMTLHTTYSMSMCCVVYIIAGFFGYTDVGNKSVETVFEIYDVKGDVMMAIAFAGML
LKICVGFSLCMQPARDCCYYIIGWDLNTLETWKNCLFCGSMALCALLLGLFIPDLNTVFGLLGSFCG
GVLGFCIARIVPXCNCGXWGISQVGVVNYVCTYLLLISGVIAVVFGTAASIYNVAV

TbAATP7 (490 AA)
MHVSAQARQTLCYHYCWMASAVVPTTDREQINKADVTSPFGSCEVISGDDEGLKGKNALPANEGE

GEQSSMKCFTSMIPPGGLVSTAFSLASICIGAGILGLPAAANSTGLVMAFVYPIIIYFLCVYSLYCLGA
QMERHGFRSYEGMARALLGQPCLYFIGVLRVVEAFGAAVAQIIATGDIVSTILKGTDAPNFLKEKW
GNRLLTFIMWLCFMLPLTIPREVNSLRYVSTISVFFVFYLMVVIVVHSCMNGLPENIKNVHVTGAPG
DEGIHLFGTSNRAVEGPGVFTFAFLCHISVFEIYFGMAKPSAHRFTAYSAIAMGICLVLCVMTAFFGY
LDFGRDVAGSVLLMYDPVKEPAILVGFVGLLVKLFASYALLAMTCRNGLCGIIGLDTEKLSFFKHC
TIIGTISIIMLLCGLFIPNINTVLGFVGSVCGGFLAFILPSLFMMYGGNWSLSTVGWLHYIATYAVLFA
GVALSVFGTGATIYGVAVGW

TbAATPS (490 AA)
MHVSAQARQTLCYHCCWMASAVVPTTDREQINKADVTSPFGSCEVIGGEDEGLKGKNALPANEGE
GEQSSMKCFTSMIPPGGLVSTAFSLASICIGAGILGLPAAANSTGLVMTFVYPIIYFLCVYSLYCLGA
QMERHGFRSYEGMARALLGPYGAHLTGVLRVVNAFGACVAYIISVGDIVSTILKGTDAPNFLKEK
WGNRLLTFIMWLCFMLPLTIPREVNSLRYVSTFAVVFIFYLMGVIVVHSCMNGLPENIKNVHVTGA
PGDEGIHLFGTSNRAVEGPGVFTFAFVCQCYAFEIYFGMAKPSAHRFTAYSAIAMGICLVLCVMTAF
FGYLDFGGKVTGSVLLMYDPVKEPAILVGFVGVLTKLFASYALLAMSCRNGLCGIVEWDAEKLSFF
KHCTIIGILSVIMLLCGLFIPNINTVFGFVGSVCGGFLGFILPSLFMMYGGNWSLSTVGWLHYIATYA
VLFAGVALSVFGTGATIYGVAVGW

TbAATP9 (451 AA)
MEVRNEPIGCCDAAVDPKSQEQREGTGFLARMSTFVATAIPPGGIAASAFNIASSTVGAGIVGLPSA
ANSSGLVMAIVYLIIITVMTIFSIYALGVAADKTKTHDFEGVAKVLFGAKGSYLVAATRAFHGFSAC
VAYIISVGDILSAILKGTDAPDFLKEK WGNRLLTFIMWLCFMLPLAIPREVNSLRYVSTFAVSFIVYL
VIVIVVHSCMNGLPENIKNVSVGRNDVAAIVLFNSGNKAIEGLGVFIFAYVSQITAYEVYMDMEDRS
VRKFIVATSIAMATCSVLYAMTAFFGYLDFGRDVTGSVLLMYDPVKEPAIMVGFIGLLVKLFASYA
LLGMACRNALYSIIGWDAEKVIFWKHCVAVVTLSVIMLLCGLFIPNINTVLGLAGSISGGLLGFIFPA
LLLLYAGGFTWQKVGPFHYIATYTLLLSGVLAIVFGTGATIHGVVVGN
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TbAATP10 (490 AA)
MHVSAQARQTLCYHCCWMASAVVPTTDREQINKADVTSPFGSCEVISGEDEGLKGKNALPANEGE
GEQSSMKCFTSMIPPGGLVSTAFSLASICIGAGILGLPAAANSTGLVMTFVYPIIIYFLCVYSLYCLGA
QMERHRFRSYEGMARALLGQPCLYFTGVLRVVNAFGAAVAQIIATGDIVSTILKGTDAPNFLKEKW
GNRLLTFIMWLCFMLPLTIPREVNSLRYVSTISVFFVFYLMVVIVVHSCMNGLPENIKNVHVTGAPG
DEGIHLFGTSNRAVEGPGVFTFAFLCHISVFEITYFGMAKPSAHRFTAYSAIAMGICLVLCVMTAFFGY
LDFGRDVAGSVLLMYDPVKEPAILVGFVGLLVKLFASYALLAMTCRNGLCGIIGLDTEKLSFFKHC
TIGTISIIMLLCGLFIPNINTVFGFVGSVCGGFLGFILPSLFMMYGGNWSLSTVGWLHYIATYAVLFA
GVALSVFGTGATIYGVAVGW

TbAATP11 (473 AA)
MTFEAAAQAPNKCPTNEATAEPLRTPNVLADNLLARSNLSEGESPEKSGEAQKPEEQGNALMRCFH
FILPRGGALSGIFNLASVTLGAGIMSIPSAFNTSGMIMAIIYLLLVTVFTVFSIFLIVSAAEKTGYRSFES
MARNLLGPRADIAVGFLLWLLCFGGASGYVVAIGDVLQGLLSHEKVPAYLQSKGGRRLLTSAIWF
VFIFPLTLPKRVNSLRYASAIGVSFILFFAICVVEHSAEKMVTDGGIKQELVMFRSGNDAVAGLSLFIF
AYLCHVNSFSIFFEMKKRSVTRMTRDAAVSCSICCCVYLLTGFFGYAEFGPTVEGSVLKLYDPYANP
VFFVCFIGIIVKLCAGFSLNMLACRTALFQVLRWDLDTMSYVRHSIVSVSFAVGSLVLGLFVPDINVI
FGLVGAFCGGFIGFIFPALFIMYAGGWTRQSVGWVQYILTYVLLILGVVAIVFGTSASVYYTIKRYS

TbCAATP (539 AA)
MVSWSRPEFAEAFFGKLVRRRCIYATKAALDSSPFVRVLGLLSLVSLGVGAVVGAGIFVITGQAAA
QYAGPGLTISFVLCMFPCFLTALCYGELAAMLPVAGSAYTHTSVALGEFASWTVAVCMTLECLVS
GCAVSVSWSAYVQAFLKRFSFVLPQPLRKSPIDVVGGRFVLTGSVVNFPAVVITVVCFVVLCLGVE
QTASMNSFFVVVKLAALVCFVFYGIYYSLGNWAEVNANLTPFVPPNDGHFGHFGVSGILRGASVVF
FANVGFDTICASAQECRSPQRDIPRGIILTLLLCSTLYVMVTVSLTGLVKYTELGTDAPVIAALEKVK
APSFLRLFIEVGTVAALSSVCFVSFYAMPRLIMAVAKDGLLPALLTHVHEQFRTPINATIFCGIPATFI
CAVFPLGMLGELISFGTLIALACVCVSMWKIRIDHPEFHRPFVAPLFPYVPILGALLNAAQLFFLPLTT
WRNYFVVMATTSLWYIVYGIRHSTVGEDGITRRPDSLLGTVEPPLCEALEGVQGAGGSLSIELTERY
VHN

186



TIGR REFERENCE NUMBERS OF OVERLAPPING SEQUENCES USED TO PRODUCE
CONTIGUOUS SEQUENCES IN CONTAINING ORF CORRESPONDING TO 7b4ATP 2, 3, 4, 5. 6

TbAATP2
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f A0 ,1000 1500
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( |
il 0 oo
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TbAATP4

101G12TF: 1493 » 20590
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3BRTR: 1229 » 1997
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HYDROPATHY PLOTS BASED ON KYTE-DOOLITTLE ANALYSIS OF THE TWELVE MEMBERS

OF THE PUTATIVE TBAATP FAMILY
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TbAATP7
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TbAATP10
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