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Summary

Plasmodium falciparum causes the most severe form of malaria in humans.
Currently, no effective vaccine exists and the emergence of widespread drug
resistance in the parasite has further increased the necessity for novel therapeutics to
be discovered.

Microtubules are cytoskeletal polymers which consist mainly of repeating o/f-
tubulin heterodimers and play crucial roles in almost all eukaryotic cells. These
polymers have the ability to rapidly elongate and shorten. Inhibition of this dynamic
behaviour has been successfully exploited in the past to generate potent fungicides,
herbicides, anti-parasitics and anti-cancer therapeutics. For Plasmodium, two groups
of chemically distinct herbicides, the dinitroanilines and the phosphorothioamidates,
were previously identified as being potentially useful antimalarial agents. To improve
the activity of these herbicides for Plasmodium, a library of amiprophosmethyl-
related compounds were generated by collaborators in the Royal College of Surgeons
in Ireland. The major objective of this project was to investigate the cellular and
molecular interactions of these compounds with the Plasmodium tubulin.

Previously, recombinant P. falciparum a- and B-tubulins had been produced in
our laboratory which were capable of co-assembly with mammalian tubulin but not
with each other. An attempt was made to discover an improved system which could
produce sufficient quantities of assembly-competent tubulin for ligand-binding
studies. Several different approaches were examined with different levels of success.
It was possible to refold denatured tubulin using eukaryotic chaperones so that they
were able to polymerise, but, the finai yields were prohibitively low for subsequent
ligand-binding studies. Nonetheless, a tryptophan-fluorescence based assay was
developed using fusions of Escherichia coli maltose-binding protein (MBP) with a-
and B-tubulins which was successful in determining ligand-binding data for several
known tubulin inhibitors. The dissociation constant (K,;) for APM was found in this
way to be 44.14 +/- 7.15 uM using an MBP-al-tubulin/MBP-f-tubulin mixture.

APM and its derivatives were examined for their ability to inhibit the growth
of live cultures of parasites during the intra-erythrocytic cycle. Overall, while most of
these compounds were found to be therapeutically irrelevant due to the high

concentrations needed for activity, a few were potentially promising. In particular,
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switching the positions of the nitro and methyl moieties with each other and replacing
the N-propyl group with the more hydrophobic cyclopentane, generated a compound
with a 50% inhibitory concentration as low as 1.6 uM. A detailed analysis was
conducted on this library of compounds using a modified version of the fluorescence
quenching assay and molecular modelling of the compounds. This systematic
approach revealed interesting features and details that appeared to predict the activity
of these compounds in the cell culture assay. Typically, a high lipophilicity and the
presence of sulphur atom were important. However, an electron withdrawing group
on the para position of the benzene ring was also suggested to be favourable.
Furthermore, the potentially carcinogenic nitro moiety could be replaced by a tri-
fluoro group without significantly compromising the activity of these compounds
compared to APM.

Three putative binding sites have been proposed for the dinitroanilines on
tubulin from different organisms using mainly homology molecular models.
However, there was a lack of experimental evidence using purified tubulin to support
any of these proposed sites. To address this issue, six independent alterations were
made at various residues on the Plasmodium al-tubulin and both APM and oryzalin, a
dinitroaniline, were assessed for their ability to bind to these proteins using the
fluorescence quenching based assay. Two different alterations for APM and oryzalin
were found to partially reduce their binding affinity to tubulin. However, this change
in affinity was not as major as expected therefore at least two of these sites were
thought not to be applicable in Plasmodium.

In summary, the findings presented here provide valuable insights into the
molecular and cellular interactions of two promising classes of compounds for
Plasmodium tubulin. This information has also aided in the improved design of a
library of phosphorothioamidate derivatives which may form the basis for promising

future anti-malarial agents.
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Chapter 1

General Introduction



1.1 MALARIA AND THE MALARIA PARASITE

Malaria is the most significant vector-borne human disease today due to its
high morbidity and mortality rates. The WHO estimates that at least ~50% of the
world’s population is currently at risk from infection, albeit to different degrees, and
there are on average 267 million cases annually (WHO 2008). The majority of these
infections occur in sub-Saharan Africa although the disease is prevalent in most
tropical environments (see Fig. 1.1). Pioneering work by Alphonse Levaran and
Ronald Ross during the end of the 19% century discovered that malaria was caused by
a parasite which is transmitted to humans by mosquito bites. From 1958-69, the
WHO directed the Malaria Eradication Programme which was implemented globally,
except in tropical Africa, to eradicate malaria. The strategy primarily focused on
controlling mosquito populations by destroying their natural habitats and extensive
use of insecticides. Malaria was completely eradicated in North America and across
Europe (Carter er al, 2002) but there were severe ecological repercussions
particularly due to the excessive use of  the insecticide
dichlorodiphenyltrichloroethane (DDT), which due to bioaccumulation becomes toxic
both to wildlife and humans. To date the disease is most prevalent and severe in sub-
Saharan Africa, where 86% of all infections occur (WHO 2008). The extreme
poverty that these countries suffer from serves only to exacerbate the problem. A
recent report published by Teklehaimanot e a/ argued that the economic burden of
malaria alone had cost Nigeria’s GDP to be impeded as much as 3.8% annually and
can lead to a “causality effect”, whereby poverty and malaria are inextricably linked
(Teklehaimanot ez a/ 2007). In recent years, global warming has raised fears over a
resurgence of this disease and possible spread back into new territories but this has
caused controversy among scientists due to the complicated nature of disease
transmission and the reliance on computer models to make the predictions (Patz et al.,
2006 and Reiter P. 2008). On one hand, mosquitoes are predicted to thrive in a
wetter, warmer climate. Furthermore, an escalating number of natural disasters will
increase the strain on the healthcare systems reducing the overall population
resistance to disease in general thereby aiding the spread of malaria. On the other
hand, it has been argued that although global warming will negatively impact on

human populations, the predictions are based on simplistic and unreliable models



which are not accurate enough. Nonetheless, it is clear that the disease is a major

health issue that needs to be solved.

1.2 DEVELOPMENTAL CYCLE OF P. FALCIPARUM

Plasmodium is a member of the phylum Apicomplexa and there are 5 species
of the parasite known to cause malaria in humans; P. falciparum, P. vivax, P.
malariae, P. ovale and P. knowlesi. They use a complex, bi-phasic life-cycle which
requires both a human and mosquito host to complete (see Fig. 1.2). Approximately
50 species of mosquitoes, all from the Anopheles genus, are able transmit malaria to
humans, most notably 4. gambiae. The life cycle begins when a female Anopheles
uptakes the sexual gametocytes for Plasmodium when biting an infected victim during
a blood meal. The life cycle inside the mosquito has several distinct phases and is
succinctly reviewed by Vlachou et al., (2006) so will not be discussed in detail here;
but importantly it permits genetic recombination. The sporozoites are released into
the salivary gland cavities during the final stage of this reproductive cycle. The
mosquito’s second blood meal deposits, on average, less than 25 sporozoites into the
human host (Beier er al., 1991). These sporozoites form only 3% of the total
population in the mosquito and may represent a conserved mechanism to maximise
transmission from one host or the small number may be due to a logistical barrier
preventing more parasites from escaping. After infection, these sporozoites travel
towards the liver and invade the hepatocytes through a complicated pathway (see
Prudencio M. and Mota M., 2007, for a recent review). Specialised liver
macrophages called Kupffer cells phagocytosee foreign particles including the
parasites and destroy them. However, the sporozoites have developed strategies that
bypass this immune defence system so they can safely cross these cells. Once free,
the parasites burrow through several hepatocytes before beginning multiple rounds of
asexual replication producing thousands of erythrocytic-infective merozoites (Frevert
U. 2004). However, it is interesting to note that both P. vivax and P. ovale can form
hypnozoites which remain dormant in the liver cells and can cause relapses of malaria
months or years later after reactivation. These merozoites burst from the hepatocytes
and re-enter the bloodstream to invade erythrocytes (red blood cells: RBC).

Merozoites form the smallest cells in the parasite life-cycle and are covered in a thick



Fig. 1.1 Global distribution of malaria risk areas in 2006. The map is shaded

representing area of high (dark green), moderate (light green) and no risk (not
shaded). The map was obtained from

http://www.who.int/malaria/malariaendemiccountries.html.
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bristly coat which is used to adhere to erythrocytes. Once firmly attached, the parasite
induces the construction of a vesicle inside the erythrocyte called a parasitophorous
vacuole (PV). An actin-myosin motor propels the merozoite into this cavity whereby
it subsequently secretes an array of proteins which induce the enlargement of the PV
(Bannister ef al, 2000). This marks the beginning of the intra-erythrocytic cycle
which is typified by multiple rounds of asexual replication. For P. falciparum, this
cycle spans 44-48 h and is the main source of the clinical manifestations of the
malaria disease. Both fever and anaemia result from the erythrocytic invasion and
eventual destruction. There are four distinct intra-erythrocytic parasite stages that can
be identified from a blood smear by light microscopy which ultimately end with the
release of merozoites; rings (0-16 h), early trophozoites (16-28 h), late trophozoites
(28-36 h) and schizonts (36-48 h). The initial ring stage is characterised by
remodelling of the parasite and RBC structure. Parasites begin digesting the interior
of the RBC, including haemoglobin. Furthermore, the RBC membrane sometimes
displays the P. falciparum erythrocyte membrane protein (PfEMP1). This protein
causes infected erythrocytes to bind with uninfected erythrocytes in a process termed
rosetting and also permits adherence to vascular endothelial cells. Rosetting acts a
cloaking device preventing an immune response towards the parasitized cells and
leads to severe parasite infections particularly by causing blot clots. The early and
late trophozoite stages are differentiated from the rings based on size and shape. The
parasite metabolism also reaches its maximum in terms of growth and activity in the
trophozoite stage. Therefore, this stage is often highly sensitive to chemotherapeutics,
particularly anti-folate inhibitors. The schizont phase undergoes multiple rounds of
nuclear division producing up to 32 merozoites. The PV and the erythrocytic
membrane are degraded and the merozoites escape to invade more RBC’s. A
secondary pathway can be initiated by merozoites which finally produces both macro-
(female) and micro- gametocytes. These gametocytes travel from peripheral
capillaries just beneath the surface of the skin and infect feeding mosquitoes to restart

the process.



1.3 CURRENT MEASURES FOR CONTROLLING THE SPREAD OF THE
MALARIA

Due to the global spread of the malarial parasite effective control measures
have had limited success. Nonetheless, several strategies have been adopted or are in

development which, combined, should reduce further the burden of this disease.

1.3.1 Controlling the transmission rates of the Plasmodium parasites

Transmission of malaria in an endemic region is referred to as being stable or
unstable depending upon whether the infection rates are relatively constant from year
to year or if there are peaks and troughs (Reiter P. 2008). The number of infective
bites a person receives on average during the year, the entomological inoculation rate
(EIR), in a region with stable transmission is >5 (but often >100) versus <5 for an
unstable transmission (WHO recommended treatment 2006). In areas of stable
transmission, adult inhabitants frequently have partial immunity but still have low
parasite densities in the bloodstream. These infections are often asymptomatic so
these people act as a constant reservoir to infect feeding mosquitoes. People with an
under-developed or impaired immunity such as young children or pregnant women
are disproportionately affected and often comprise the majority of casualties from this
disease (White N. 2008). Unstable transmission rates of the parasites often prevent
any resistance to the disease from developing so that new infections are almost always
symptomatic irregardless of age or immune status (White N. 2008). This can cause
sudden devastating epidemics, such as the Sri Lankan outbreak in 1934/35 that killed
approximately 100,000 people after several relatively disease-free years led to a low
community immunity (Reiter ez al., 2004). Furthermore, a comparison between two
communities — Linzolo, Congo and Pikine, Senegal — which have stable and unstable
transmission rates respectively, showed that Linzolo had only 1.3 times more cases of
malaria despite the transmission rates being ~1000 fold greater than in Pikene,
highlighting the difficulty in controlling this disease (Trape ef al., 2002). A standard
control method which is still recommended by the WHO is insecticide impregnated
bed-nets. However, their effectiveness was questioned due to the loss of acquired

immunity from frequent infection which can lead to increased rates of severe malaria



and that the reduction in transmission rates is insignificant (Molineaux L. 1997, WHO
2006 and Trape et al., 2002).  Therefore, vector control strategies where there are
stable transmission rates are unlikely to be successful due to the fact that even low
mosquito numbers can maintain a viable population of the parasite (see Fig. 1.3). As
a result, development of a vaccine or new chemotherapeutics is essential for

controlling this disease.

1.3.2 Development of potential malarial vaccines

In recent years, a malaria vaccine has become a realistic goal
GlaxoSmithKline currently lead the way with the RTS,S/AS02A malaria vaccine
which is currently in phase III clinical trials after successfully reducing the prevalence
of P. falciparum infection by approximately a third in Mozambican children aged 1-4
years for up to 45 months (Sacaral et al., 2009). The vaccine is based on using a
surface protein from the pre-erythrocytic stage of P. falciparum (Guinovart et al.,
2009 and Sacaral et al.,, 2009). However, it could be many years before it becomes
widely available, assuming that it passes all the clinical trial studies and even still, its

will only reduce rather than cure malaria.

1.3.3 Transgenic mosquitoes

Research is currently underway for designing transgenic mosquitoes that are
resistant to the malaria parasite. Mosquitoes have some immunity to infection
themselves and in the field carry less than five oocysts (Ito e al., 2002). Early work
using a rat model identified a specific ligand that is found in the midgut and salivary
glands of the mosquito. This ligand is an essential receptor for the parasites.
Mosquitoes were transfected with a plasmid over-expressing a 12 amino acid peptide
that is used by the parasite to bind to the aforementioned ligand. This resulted in a
significant decrease in parasite transmission to other naive rats. Although this new
strategy sounds promising, it is still in its infancy and there are many obstacles to

overcome before it could become a realistic malaria control method (Ito ez al., 2002).



1.3.4 Anti-malarial chemotherapeutics

The last line of defence against malaria is chemotherapeutic drugs, which are
currently the best method for dealing with this disease. There are several clinically
relevant drug targets that are in use today (Table 1.1). However, another 21 new
medicines from pre-clinical to stage III trials are in the research pipeline, of which
some are novel agents (Olliaro and Wells, 2009). Artemisinins in combination with
other drugs such as mefloquine and lumefantrine are considered the drugs of choice
due to their ability to clear parasites quickly from the patient with only mild side-
effects. However, these drugs tend to be expensive and other treatments such as
chloroquine and pyrimethamine-sulphadoxine are frequently used in their place. The
majority of the available treatments are effective against the parasite’s intra-
erythrocytic cycle, which is most likely due to the high metabolism rates caused by
rapid asexual reproduction. This is advantageous as most treatments demonstrate
cross-activity for all the Plasmodium species. Unfortunately, P. vivax and P. ovale
have the ability to form dormant hypnozoites in the hepatocyte cells which can cause
recrudescence in patients unless they are removed. Primaquine is considered the only
effective treatment to remove them but it often causes severe haemolysis to patients
who are deficient in the glucose-6-phosphate dehydrogenase enzyme (Lalloo et al.,
2006). As a result, this drug is not commonly used and patients with P. vivax or P.
ovale infections often experience recrudescent infections.

Parasite drug resistance, particularly to chloroquine, has being a growing
problem for decades and has being blamed for an average two-fold increase in
morbidity and mortality across African nations (Trape et al,, 2002). In recent years,
the WHO has launched a policy of recommending combinational therapy, which is
the use of two drugs with different modes of actions to limit the spread of resistance,
which is more important than ever now since the emergence of artemisinin resistance
(WHO treatment guidelines 2006). The ability of parasites to develop and spread
resistance is a multi-factorial and complex process. A key effect is the transmission
of parasites once they have been exposed to anti-malarial compounds. Stressing the
parasites in general (e.g. semi-efficacious drug treatment or immune response),
anaemia and long infection periods all encourage the productior} of gametocytes
which result in greater transmission rates. Drug regimes can be partially active for

numerous reasons e.g. poor adherence to the medication due to side-effects or loss of



Target location | Pathway/mechanism Target molecule Examples of therapies
Existing therapies New compounds
Cytosal Folate metabolism Dihydrofolate reductase Pyrimethamine, proguanil | Chlorproguanil
Dihydropteroate synthase Sulphadoxine, dapsone
Glycolysis Thymidylate synthase 5-fluoroorotate
Lactate dehydrogenase Gossypol derivatives,
Peptide deformylase Actinonin
Protein synthesis Heat-shock protein 90 Geldanamycin
Glutathione metabolism Glutathione reductase Enzyme inhibitors
Signal transduction Protein kinases Oxindole derivatives
Unknown Ca?+-ATPase Artemisinins
Parasite Phospholipid synthesis Choline transporter G25
membrane Membrane transport Unique channels Quinolines Dinucleoside dimers
Hexose transporter Hexose derivatives
Food vacuole Haem polymerization Haemozoin Chloroquine New quinolines
Haemoglobin hydrolysis Plasmepsins Protease inhibitors
Falcipains Protease inhibitors
Free-radical generation Unknown Artemisinins New peroxides
Mitochondrion Electron transport Cytochrome c oxidoreductase | Atovaquone
Apicoplast Protein synthesis Apicoplast ibosome Tetracyclines, clindamycin
DNA synthesis DNA gyrase Quinolones
Transcription RNA polymerase Rifampin
Type |l fatty acid bio- FabH Thiolactomycin
synthesis Fabl/PfENR Triclosan
Isoprenoid synthesis DOXP reductoisomerase Fosmidomycin
Protein farnesylation Farnesyl transferase Peptidomimetics
Extracellular Erythrocyte invasion Subtilisin serine proteases Protease inhibitors
DOXP, 1-deoxy-p-zylulose 5-phosphate; PIENR, Plasmodium falciparum enoyl-ACP reductase.

Table 1.1 Overview of the targets of anti-malarial drugs that are clinically relevant. (This figure was modified from Fidock ef al., 2004.)
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symptoms due to parasitemia reduction, non-optimal drug concentrations due to re-
infection near the end of treatment or varying pharmacokinetics (e.g. drug uptake can
vary from person to person due to diet and health). Partial immunity can be further
problematic as it keeps parasite numbers in check, so that the patient is asymptomatic
but still infective. The overall result is sustained infections and greater haemolysis
pushing for greater production of gametocytes which are increasingly likely to carry
resistance (White N. 2008). Also, chloroquine-resistant strains were demonstrated to
produce 2.5 times more gametocytes than their sensitive counterparts (Buckling ez al.,
1997). Halting the spread of resistance is further compounded by increased rates of
transmission due to the elimination of the sensitive strains (Walliker ef al., 2005).
However, parasite drug resistance frequently incurs a fitness cost which can see the
re-emergence of a sensitive strain. This was observed in Malawi whereby
chloroquine resistance was up to 80% but 10 years after its use was discontinued is
almost 0% (Laufer ef al, 2004). The fitness cost may also be overcome by one or
more compensatory mutation(s) which would then firmly embed the new changes in
the parasite’s genes. By understanding the spread of parasite resistance, it may be

possible to prevent or control it in the future with novel drugs.

1.4 TUBULIN STRUCTURE, FUNCTION AND REGULATION

1.4.1 General structure of tubulin and microtubules

Microtubules (MT) are hollow filamentous polymers, found in almost all
eukaryotic cells, which are comprised of repeating a- and B-tubulin heterodimers (see
Fig. 1.4). These structures have an external diameter of ~25 nm but can grow as long
as a few um. They have many critical functions within the cell including separating
the chromosomes during mitosis/meiosis, intracellular transport of vesicle and
organelles, motility and maintaining the cell shape. Arguably the most important
property of MT’s is their ability to elongate and shorten rapidly depending on a
number of factors; most typical are intrinsic polymer instability, local conditions, the
presence of microtubule associated proteins (MAP’s) and post-translational
modifications of tubulin. Homologues that mimic the functions of MT’s such as FtsZ
have been found in bacterial systems. These proteins are highly divergent at the

amino level but the regions responsible for GTP binding and hydrolysis are



conserved. Furthermore, they maintain an overall 3-D structural similarity suggesting
that they evolved from a common source.

In vivo folding of both a- and B-tubulin is an ATP- and a GTP-dependent
process which requires a large multi-subunit complex called the eukaryotic cytosolic
chaperonin containing t-complex polypeptide 1 (CCT). CCT can bind fully denatured
a- or B-tubulin and partially fold them. The intermediate structures are captured by
other co-factors; B and E for a-tubulin and A and D for B-tubulin. Only Ea- and Df-
complexes can interact together with co-factor C. The heterodimeric tubulin is then
released upon hydrolysis of the B-tubulin GTP. The co-factors A and B appear to act
as a reservoir for semi-folded tubulins. Depletion of one monomer by excess amounts
of a co-factor rapidly triggers the other monomer to be degraded, thereby maintaining
a tubulin concentration balance within the cell (Lewis et al., 1997).

The major tubulins are o and B but v, 3, €,  and n tubulins have also been
identified, although they do not polymerise in the same way (McKean et al., 2001).
a- and B-tubulin are similar in size, ~50 kDa and have a similar overall structure
despite only sharing an approximate 43% identity at the amino acid level (Bell A.,
1998). The majority of the variation is due to the acidic C-terminus which can even
vary in length by several amino acids. The crystal structure of zinc-induced and taxol
stabilised bovine brain tubulin sheets has been resolved at 3.5 A (Lowe ez al., 2001).
Each monomer contains three distinct domains. The N-terminal nucleotide binding
domain (residues 1-206) is formed with 6 parallel B-strands and alternating helices
that create a GTP-binding pocket. This site in a-tubulin traps one molecule of GTP
when the a/B-dimer is incorporated into a polymer and is also known as the non-
exchangeable site (N-site). In contrast, the GTP nucleotide in B-tubulin is freely
hydrolysable and this region is called the exchangeable site (E-site). The
intermediate domain (residues 207-384) has 5 a-helices and one mixed B-sheet. The
nucleotide catalytic site resides in this region and it is able to convert GTP to GDP in
the B-tubulin subunit when it is part of a polymer. The final region is the carboxy-
terminal domain and this uses two anti-parallel helices to cross over the
aforementioned domains. Despite the high resolution achieved with this crystal
structure neither of the N-, C-terminal tails nor the N-terminal loop in a-tubulin
(residues 35-60) were resolved.

MT’s are comprised of repeating a- and B-tubulin heterodimers which bind in

a head-to-tail fashion, and usually 13 slightly staggered protofilaments linked together
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Fig. 1.4 Schematic diagram of microtubule formation and structure. 1. a- and
B-tubulin monomers, both with one molecule of GTP. These molecules are not
usually found isolated in the cell but are included for completeness. 2. o/B-tubulin
dimers. The exchangeable (E-site) site, non-exchangeable (N-site), and catalytic sites
are shown. 3. The protofilament is an intermediate oligomer that formed from the
longitudinal stacking of tubulin dimers. For B-tubulins in the centre of the
protofilament, GTP is hydrolysed into GDP by the catalytic action of the a-tubulin 4.
The microtubule is formed from the protofilaments which laterally align and
eventually close over. Microtubules have both a + end which is highly dynamic and a
— end which is less dynamic. The approximate sizes of some structure are indicated.

(Adapted from Fennell, 2005.)




in parallel to form the polymer (Amos et al., 2005). A B-lattice structure was found
in MT’s whereby the major lateral contacts are made between homologous subunits
(i.e. a-a and B-P). The primary lateral contacts between adjacent protofilaments occur
through the M loop (residues 279-287) and the loop between S7 and H9, interacting
with loop H1-S2 and helix H3. In a-tubulin only, the M loop is further stabilised by
the S9-10 loop. A seam, lateral contact between heterologous subunits, exists in the
typical 13 protofilament MT and is predicted to result from the closure of the
polymer. Its functions include binding of specific MAP’s and controlling MT
stability.

1.4.2 Microtubule dynamics

MT’s have an intrinsic instability, in that they can rapidly elongate or shorten.
The stochastic switch between a growing MT and one that is shortening is called
“catastrophe” and the reverse is called “rescue”.  This occurs by either dynamic
instability, whereby random switching between growth and shrinking phases occurs,
or treadmilling, which is the preference for dimers to be added to the one end of the
polymer while being removed from the other. MT ends have distinct polarity, with
the minus end being less kinetically active or dynamic than the plus end. The
difference is due to the terminal subunit with the a- and B-tubulins crowning the
minus and plus end respectively. The nucleotide state of a-tubulin never changes; it is
always bound with a GTP molecule. Furthermore, a-tubulin has a stabilised M loop,
as previously mentioned, so confers greater lateral contacts than B-tubulin. In
contrast, the plus end terminates with a GTP-bound B-tubulin subunit having a GTP
cap which has an exposed E-site. The a-tubulin of this subunit rests on another [3-
tubulin and can hydrolyse its GTP to GDP-P;. Recent evidence argues that the GTP
cap is required to be at least 5 layers deep to compensate for the frequent but brief
“growth-phase shortening” phenomenon and not one layer as previously suggested
(Schek et al., 2007 and Caplow et al, 1996). However, the hydrolysis of the f-
tubulin GTP within the polymer may not be complete as once thought. An antibody
specific for GTP-bound tubulin in MT recognised the GTP-cap as expected but also
regions in the middle of the polymer. It was suggested that these GTP-islands act as a
“speedbump” that encourage rescue in the event of catastrophe (Dimitrov e al.,

2008). The GTP cap is crucial in maintaining stability to the inner labile core of the



MT and once it is lost, protofilaments curl up, breaking the lateral bonds and
encouraging rapid disassembly (Nogales et al., 2006, Nogales et al., 2003 and Ravelli
et al., 2004). This is due to the tendency of GDP-dimers to bend and even form rings
with each other as opposed to GTP-dimers which have a straight structure. Therefore,
forcing the GDP-dimers to adopt this straight configuration within the polymers,
stores up potential conformational energy which can be used for various tasks.
Recent data has demonstrated that single dimers and not oligomers are added or lost
from MT’s in general which is contrary to other published studies (Schek et al., 2007
and Kerssemakers et al., 2006). Schek et al., argued that poor resolution from
previous techniques, particularly light microscopy, could only detect large mass
changes. However, they used optical tweezers which can track individual tubulin
subunits and determined that addition of oligomers occurred <1% of the time (Schek

et al., 2007).

1.4.3 Functions of microtubules in the cell

Microtubules can perform many diverse functions due to their flexible
architecture. The most common are in cell division, maintaining the cytoskeleton and
forming flagella/cilia. However, the structure and stability of the MT’s vary
significantly.

Mitotic spindles are highly dynamic microtubules that facilitate the separation
of chromosomes during the cell cycle. Low intracellular tubulin concentrations are a
kinetically limiting factor which requires the nucleation of MT’s. Nucleation occurs
from the mitotic organising centre (MTOC) which are centrosomes in animals, or
spindle pole bodies in fungi, and existing spindles (Wiese et al., 2006 and Zhu et al.,
2009). However, y-tubulin is always required for this event. There are two y-tubulin
complexes, the y-tubulin small complex (yTuSC) and the y-tubulin ring complex
(YTuRC). yTuRC is a much larger protein complex than yTuSC but they can both
carry out the same functions (Raynaud-Messina et al., 2007). Two theories exist to
explain the nucleation mechanism; the template model and the protofilament model.
The template model suggests that the a-tubulin rests on the y-tubulin complex
forming lateral contacts, whereas, the protofilament model suggests the y-tubulin
complex is partially embedded in the MT and forms both lateral and longitudinal

associations with both tubulins (Raynaud-Messina er al., 2007). Furthermore, the
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other 4 tubulin isotypes, 9, €, {, and | have been localised in the MTOC and may be
important for its construction (McKean et al., 2001).

In contrast to mitotic spindles, cytoskeletal microtubules form a relatively
stable and rigid framework within the cell. Their primary functions are to resist
compression forces and act as tracks along which organelles or proteins can move.
Molecular motors including Daml and the kinesin family act as part of the
intracellular transport system, although they use different mechanisms. The Daml
protein complex is an integral component in the Saccharomyces cerevisiae
kinetochore which is critical in cell division and it forms a ring around the plus end of
MT’s in vivo. This complex is able to reliably move along the polymer without an
additional energy source (Gestaut et al., 2008). Two mechanisms in particular have
been proposed to explain this phenomenon (Gestaut ez al., 2008 and Hill T. 1985 and
Koshland er al., 1988). The conformational wave theory works by the protofilaments
curling at the ends and physically pushing the Dam1 complex, which acts as a clamp,
forward (Koshland et al., 1988). Gestuat et al., have challenged this mechanism and
proposed an alternative strategy, biased diffusion that was based on the work of Hill
(Gestaut et al., 2008 and Hill T. 1985). The Dam1 complex can function as a sleeve
or a small oligomer that tracks along polymer by random diffusion but once it meets a
disassembling microtubule tip, it will travel with it because that is more energetically
favourable than disassociating (Gestaut ez a/., 2008 and Hill T. 1985). The kinesin
proteins represent a directed method for intracellular transport. These proteins have
two heads that are connected by a neck region. Movement is achieved by one head
stepping in front, tightly gripping the microtubule lattice, which then allows the
trailing head to swivel around and gain the lead at a cost of 1 ATP molecule (Thomas
et al., 2002). However, kinesins can also rapidly but randomly diffuse along the
polymer without expending energy once both heads release their tight grip (Cooper et
al., 2009).

The central core of all eukaryotic cilia and flagella consist of the highly
conserved molecular machine called the axoneme. The axoneme is composed of
more than 250 proteins but the characteristic structure is the nine peripheral doublet
microtubules and the central pair of singlet microtubules (termed A- and B-tubules
respectively). The structures are linked together by the dynein motors and flexible
nexin molecules making up the radial spokes. Dynein undergoes a conformational

change after hydrolysing ATP. This causes a sliding motion between the A- and B-
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tubules corresponding to the wave-like movement associated with the flagella and

cilia (Downing et al., 2007).

1.4.4 Intracellular regulation of microtubule function

As expected, regulation of the tubulin assembly and disassembly in the cell is
tightly controlled. It is influenced by numerous factors, not least its own dynamic
instability, but only some of the more important post-translational effects will be
mentioned.

MAP’s are proteins that transiently attach to MT’s but are not essential for
polymerisation, although in vivo they are vital for regulating their stability. They can
bind tubulin dimers, microtubule walls and/or tips (Akhmanova e al., 2008) and
frequently have repetitive motifs which allow them to interact across several domains
at once (Amos 2005). Two antagonistic regulatory MAP’s are katanin and tau (Qiang
et al., 2006). Katanin is a heterodimeric protein which is found in high concentrations
in the axons of neuronal cells. It destabilises MT’s but particularly when they are
attached to the centrosomes. This is achieved by forming a temporary hexadimer
complex that splits the contact between af-tubulin in the walls of MT and eventually
severs the polymer. The nascent ends of the polymers have no GTP-cap to stabilise
them and rapidly disassemble (Amos et al., 2005 and Nogales E. 2000). Tau is also
concentrated in the neuronal cells but it stabilises MT’s by inserting into a
hydrophobic pocket located on B-tubulin. A similar domain is found in a-tubulin but
this is naturally stabilised by the folding of the L-loop. In fact, there is evidence to
suggest that the tau binding site overlaps with that of Taxol (Amos et al., 2005). Tau
also provides resistance to katanin on the long MT’s found in the axon, possibly by
physical hindrance. This is important as neurons require a constant population of both
long and short MT’s (Qiang et al., 2006). This demonstrates one of the many intricate
regulatory systems that occur among MAP’s and microtubules.

Post-translation modifications (PTM) are mechanisms used by cells to rapidly
increase diversity among the MT’s. Most of the changes are enzymatically based and
are reversible. There are at least 7 types of modifications; acetylation/deacetylation,
tyrosination/detyrosination,  generation  of  A2-tubulin,  polyglutamylation,
polyglycylation, palmitoylation and phosphorylation. Their effects range from

addition/removal of a single amino acid such as the C-terminal tyrosine to extensive
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changes such as polyglycylation which can add on an extra 34 residues. All of the
PTM’s discovered to date affect the C-terminus of the tubulins with the exception of
acetylation (Westermann et al., 2003). Many functions of PTM’s have yet to be
elucidated but they are known to be important in attracting microtubule associated
proteins (MAP) to microtubules. Furthermore, they may affect the stability/structure
of MT’s, although this could be an indirect effect of recruiting certain MAP’s
(Hammond et al., 2008).

Isotypes of a- and B-tubulin serve as another means of differentiation and
control within the cell. Aside from the very “simple” organisms such as protists, cells
or tissues (in the case of higher eukaryotes) have several isotypes which are expressed
at different times and amounts (Luduena R. F., 1998). This is particularly evident
with higher eukaryotes such as Arabidopsis that has at least 9 f-tubulin isotypes, but
their expression is localised to certain areas, i.e. TUBI and 5 are found mostly in the
roots leaves respectively (Luduena R. F., 1998). Tubulin isotypes can be functionally
interchangeable but in Plasmodium berghei, both a-tubulin isotypes are essential
(Luduena R. F., 1998 and Kooij ez al., 2005). Furthermore, different tubulin isotypes
are capable of co-assembly. The reason for this is that a cell undergoing a transition
state, whereby a new tubulin isotype dominates expression, can still function with
both isotypes present, as in the case of Physarum spp. (McKean et al., 2001). The
majority of differences between isotypes are at the C-terminal tails which is not
surprising considering this is where most of the PTM’s occur.

Environmental and intracellular factors, particularly temperature and the
tubulin critical concentration, play a critical role in tubulin dynamics. Temperature
exerts its effects on tubulin by changing the assembly kinetics as the process is
enthalpically driven (Correia et al, 1983). This is most evident with the Antarctic
fish, which spend their life in perennially cold climates at ~ -1.8°C. The minimum
critical concentration for tubulin assembly (C,) is 0.74 mg/ml at -1.8°C but at 37°C it
is 16 times lower (0.046 mg/ml) as a result of increased polymerisation rates
(Williams et al., 1984). The tubulin C,. in vitro is an important factor that influences
assembly, although the actual concentration values quoted are likely to be inaccurate
for in vivo polymerisation. In the cell, there are numerous structures and MAP’s
which can affect this value, including y tubulin which is an integral component in the
microtubule organising centre (MTOC) (Wiese er al., 2006). Small metal ions,

particularly Ca*” and Mg®", also contribute to the MT stability and have antagonistic
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effect in vitro. Ca’" ions have one high affinity site on the C-terminus of both a- and
B-tubulin. Ca*" has been demonstrated to promote tubulin disassembly in vitro either
as a free ion or in a protein complex, e.g. with calmodulin, by increasing the rate of
GTP hydrolysis at the cap of a growing MT (O’Brien et al, 1997 and Lacey E.,
1988).  Conversely, Mg®" ions are essential for MT polymerisation and high
concentrations significantly enhance the assembly rate. There are two well known
high-affinity Mg®" binding sites on tubulin; both of them are located at the GTP
binding domains, but, other low affinity sites are thought to exist. Mg2+ exerts is
effects on the proteins by promoting the C-terminal tail interaction with the body of
the protein. Therefore, these ions provide another system for controlling tubulin
dynamics (Bhattacharya et al., 1994). Also, moderate GTP concentrations (1-5 mM)
and pH (~6.9) favour in vitro tubulin assembly. However, concentrations of GTP that
are either too low (<1 mM) or too high (>5 mM) inhibit tubulin assembly, further
highlighting the finely tuned nature of this process (Jameson et al., 1980). Extremes
of pH can induce many polymorphic tubulin structures such as open sheets and rings

although these effects may not be biologically relevant (Oxberry et al., 2000).
1.5 MICROTUBULE INHIBITORS

Tubulin inhibitors have been used for decades to treat a range of illnesses such
as anthelmintic infections and cancer. Although these diseases have a very different
pathology, a common factor to both is rapid cell division and they are therefore very
sensitive to changes in the MT assembly balance. Tubulin poisons can be broadly
categorised into polymerisation stabilisers or polymerisation destabilisers. Three
classical tubulin binding sites have been discovered to date; the colchicine binding
site, the vinca-domain and the taxol binding site. However, several novel sites have

also been proposed which may also prove to be pharmacologically relevant.
1.5.1 Classical inhibitors: Colchicine

Colchicine is a naturally occurring alkaloid that was originally isolated from
the meadow saffron (Colchicum autumnale). 1t’s therapeutic uses are limited due to
high toxicity to humans. However, it has been successfully employed for an array of

auto-inflammatory diseases and gout (Bhattacharyya et al., 2008) It is comprised of 3

14



rings, a trimethoxy benzene ring (A), a septagon ring with an acetamido group (B)
and a methoxy tropone ring (C) (see Fig. 1.5). However, analogues with rings A and
C only without the B ring could still interact with tubulin dimer. The B ring
substituent, the acetamido group, is important for modulating binding kinetics by
forming additional contact to the tubulin molecule (Chakrabarti et al, 1996).
Colchicine preferentially binds soluble tubulin dimers but these dimers may still join
elongating MT’s. It has one high affinity binding site buried in the intermediate
domain of B-tubulin, beside the GTP-binding site of a-tubulin (49 Ravelli et al,
2004). The binding mechanism is biphasic. The initial interaction is rapid but
reversible. The second step is much slower but creates a tight complex that is
considered “pseudo-irreversible” due to the very slow disassociation rate. The second
step forces the tubulin dimer to adopt a conformational change (Garland D., 1978).
The importance of this structural modification was later elucidated when the crystal
structure of tubulin with colchicine was solved. Tubulin-colchicine complexes have a
bent shape which cannot straighten up even when they join the tips of growing MT’s.
As a result, the M-loop is prevented from forming lateral contacts with other subunits,
destabilising the entire polymer. However, at low concentrations, colchicine just halts
the growth of MT’s but at higher concentrations, the loss of lateral contacts is so great
that the polymer completely depolymerises (Ravelli ef a/., 2004). The induction of a
curved tubulin configuration naturally occurs within the cell upon association with
known MAP’s which are designed to destabilise MT’s (Steinmetz et al., 2000 and
Ogawa et al., 2004). This is particularly true for the kinesin 13 MAP which was
observed by an atomic model to mediate curvature of an intra-dimer tubulin structure
(Tan et al, 2008). Therefore, it is interesting to speculate that the colchicine ligand
just hijacked this established mechanism rather than using a novel approach to poison
MT dynamics.

There are several other chemically unrelated agents that also bind at or near to
the colchicine site.  Curacin is another natural product synthesized by the
cyanobacterium Lyngbya majuscula. This compound binds both faster and tighter to
tubulin than colchicine making it an attractive lead compound for further development
of anticancer agents (Verdier-Pinard et al, 1999). Other compounds have already
demonstrated their clinical effectiveness and are being developed further as anti-
cancer agents. Combretastatin, for example, effectively inhibits tumour vasculature

by disrupting interphase microtubules (Risinger et al., 2009 and Morris et al., 2008).
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1.5.2 Classical inhibitors: Vinblastine

Vinblastine and vincristine are the classic “vinca-alkaloids” produced by the
periwinkle plant (Catharanthus roseus) that are identical in structure except for a
single substitution of a formyl for a methyl group (Fig. 1.6). This single change
makes a dramatic impact on the effectiveness of the compounds on particular cancer
types. As a result, many semi-synthetic derivatives have since been generated, each
with different therapeutic profiles (Risinger ez al., 2009). The structure of vinblastine
is very complex but it essentially consists of two linked multi-ringed moieties called
catharanthine and vindoline. Despite the fact that these compounds have been used
for decades the tubulin crystal structure with vinblastine has only recently been solved
to 4.1 A. Only one binding site was elucidated, although other groups did report there
may be two, particularly at high concentrations of the ligand (Bhattacharyya et al.,
1976, Lee et al., 1975, Gigant et al., 2005). Vinblastine binds so deeply in a
hydrophobic wedge between two adjacent af-dimers that as much 80% of its total
surface area resides within the complex. The ligand interacts equally with one a- and
one B- tubulin subunit from either dimer producing a curved conformation inhibiting
MT dynamics in a similar fashion to that of colchicine (Gigant et al., 2005). Small
conformational changes are made to occur in tubulin which accounts for the rapid and
reversible binding equilibrium (t;» ~15 min) (Lacey E., 1988 and Gigant et al., 2005).

However, the “vinca” domain also accommodates a second, overlapping
binding site that is generally used by small highly toxic peptides, e.g. dolastatin 10,
that are commonly synthesized by various marine organisms (Molinski et al., 2009).
Dolastatin 10 was the first molecule to be associated with this expanded domain
because it could non-competitively inhibit radio-labelled vinblastine in a tubulin
binding assay (Bai et al., 1990). More recently, another atomic structure with bovine
brain tubulin was crystallised with phomopsin A (a dolastatin 10 analogue). This
structure confirmed that there are two overlapping binding sites, the aforementioned
vinblastine site and a partially novel peptide site (Cormier et al., 2008). Despite
dolastatin 10 and phomopsin both having nano-molar activity against cancer cells
lines, they are not currently being developed further due to either poor activity in vivo
or unacceptable toxicity. Nonetheless, several other marine organisms have been

found to produce unique and promising peptides. For example, eribulin mesylate, a
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Fig. 1.6 Structures of vinblastine (A) and vincristine (B). The exchange of the
methyl group on vinblastine for an oxygen atom on vincristine is highlighted (by a red

box.)



truncated version of halichondrin B, is currently undergoing phase III clinical trials

for breast cancer treatment (Molinski et al., 2009).

1.5.3 Classical inhibitors: Taxol

Taxol is another natural compound, biosynthesized by the Pacific yew tree
(Taxus brevifola), that is used as a potent therapeutic for ovarian and breast cancers.
Despite being widely successful, the drug has severe dosage limitations due to high
toxicity and is prone to resistance via drug efflux pumps (Morris ez al., 2008). The
structure of taxol is complicated but it is essentially based on a diterpene skeleton
(Fig. 1.7). This compound is known to promote microtubule assembly that is resistant
to both cold and drug-induced depolymerisation.  The taxol binding site is a
hydrophobic pocket located in the intermediate domain of the -tubulin subunit on the
lumenal side of the microtubule lattice (Lowe et al, 2001). However, a recent
computational modelling study has also proposed the existence of an intermediate
binding site within the microtubule nano-pores which aids the drug’s diffusion
through the polymer until it reaches its final destination. This model would explain
the paradox that different human tubulin isotypes have significantly different taxol
sensitivities but relatively similar binding sites (Freedman ez a/., 2009). The presence
of the drug initiates the M-loop of one B-monomer to migrate towards the H1-S2 loop
of an adjacent f-monomer and bond via van der Waals, electrostatic and ionic forces.
Therefore, significant lateral contacts are formed. The conformational curve caused
by GTP hydrolysis is also counteracted, possibly by the tubulin becoming more
flexible, so the overall MT stability is increased (Elie-Caille et al, 2007, Xiao et al.,
2006 and Mitra et al., 2008). Taxol is thought to adopt a T-shaped or butterfly-like
conformation in this binding site that resembles the B9-10 loop that in a-tubulin
confers extra stability (Synder et al., 2000 and Yang ez al., 2009). Clinically relevant
doses of taxol suppress microtubule dynamics within a cell rather than causing mass
hyper-polymerisation. However, an interesting study reported that taxol could form
tubulin-like crystals, when used in excess in a aqueous solution, that could sequester
soluble dimers. They suggested that this may be a novel mode of cytotoxicity (Foss et
al., 2008).

Recently, other compounds with taxol-like effects have been discovered.

Laulimalide and peloruside A are thought to bind in the same site that is close to but
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distinct from that of taxol. In fact, both compounds were able to function
synergistically with taxol in promoting tubulin assembly. Other taxol-like agents such
epothilones and discodermolides which bind at or near the taxol site may also prove to

be successful therapeutics in the future (Hamel ef a/., 2006 and Risinger et al., 2009).

1.5.4 Other Inhibitors: Benzimidazoles

Benzimidazoles are a class of small, broad-spectrum anthelminthic and
antiprotozoal drugs that are used in both humans and animals. Albendazole is one of
the best known benzimidazole compounds (see Fig. 1.8). A few have been employed
as fungicides. They efficiently depolymerise tubulin and it was also thought that
these ligands bind in the colchicine site. However, it was recently demonstrated that
benomyl, a benzimidazole, and colchicine could bind to tubulin simultaneously.
Moreover, this interaction even strengthened their relative affinities for the protein by
inducing conformational changes (Clément et al, 2008). Another study generated
recombinant B-tubulin and demonstrated that in vitro binding is reduced by the
mutation Glul98Gly (Holloman er al, 1998). The exact binding site of
benzimidazoles has yet to be elucidated but data garnered from resistant protozoa
species led to the generation of a molecular model that described a putative cleft in
the heart of the B-tubulin protein. The site is located at the interface between the N-
terminal and intermediate domain, near the exchangeable nucleotide binding pocket
(Robinson et al., 2004). This model predicts a snug fit for the benzimidazole
compound, albendazole sulphoxide, potentially allowing for the formation of several
hydrogen bonding and hydrophobic interactions. Furthermore, upon entry of the
benzimidazole ligand, several conformational changes occur within the tubulin
molecule. First, the pocket becomes sealed, further stabilising the tubulin-ligand
interaction.  Second, the tubulin is forced to adopt a curved shape, as previously
described, which is ineffective at forming proper MT’s thus explaining the drug’s
mechanism of action. Although this model satisfies the known molecular data
surrounding these compounds, the binding pocket is thought to be inaccessible when
the tubulin is dimerised. The authors argued that it may be possible for the drugs to
bind monomeric tubulin (Robinson ez al., 2004). This is feasible, yet unlikely, as -
tubulin was demonstrated to have an affinity for a range of benzimidazoles but

monomeric tubulins are not known to exist in cells except perhaps during their initial
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Fig. 1.7 Structure of taxol.



Fig. 1.8 Structure of albendazole. This compound is a representative of the

benzimidazoles.



synthesis (McDonald et al., 2004). Alternatively, GTP hydrolysis may cause some
residues to expose the cleft, particularly Arg 156 and Leu 265 (Robinson et al., 2004).

1.5.5 The herbicide inhibitors: Dinitroanilines and Phosphorothioamidates

Two mechanistically-related but chemically distinct classes of herbicide
compounds, the dinitroanilines and the phosphorothioamidates, are also mitotic
inhibitors. The best known dinitroanilines are trifluralin, chloralin and oryzalin, while
for phosphorothioamidates mainly amiprophos-methyl (APM) has been extensively
studied (see Fig. 1.9). In contrast to the classical tubulin ligands, the dinitroanilines
and phosphorothioamidates exhibit a selective toxicity for many plants and certain
parasitic protozoa over mammalian cells (Dow er al., 2002, Murthy et al., 1994,
Fennell er al., 2006 and Werbovetz et al., 2003). These herbicides are highly potent
plant poisons that bind to tubulin inducing depolymerisation (Hughdahl ez al., 1993).
Murthy et al., argued that these compounds are likely to share the same binding site
on tubulin as the affinity of radiolabelled oryzalin for tubulin was competitively
inhibited by APM (Murthy et al, 1994). Supporting this finding, a molecular
modelling study contrasted the electrostatic potential between the two herbicide
classes and discovered that they had unexpectedly similar profiles (Ellis ef al., 1994).
However, definite proof will require the discovery of the herbicide binding site(s) on
tubulin.

Both herbicide class are typically small in size (on average <300 Da) and have
relatively simple structures in comparison to the other tubulin ligands. The most
active compounds in these groups usually have one central benzene ring with varying
numbers of electronegative groups attached (e.g. nitro moieties) (Ellis et al., 1994).
However, aqueous solubility for both compound classes is a significant issue.
Trifluralin is particularly hydrophobic and can readily adsorb to glass and plastic
surfaces, thereby hindering accurate biochemical studies. APM is the most aqueous-
soluble in this group with a maximum solubility around 230 uM, which is still poor
relative to other MT inhibitors like vinblastine (Morejohn ef al., 1991).

These compounds also display a remarkable range of toxicities for related
organisms that can depend on subtle structural changes. The most striking example of
this phenomenon occurs between trifluralin and chloralin (see Fig. 1.9 C and D).

These compounds are identical structurally except that the chloralin has a chloride
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group at the RS substituent while trifluralin has a dipropylamine [HN(C3H>7)2] group.
This difference translates into chloralin being 100-fold more active than trifluralin
against cultured Leishmania major (Callahan et al., 1996). Strangely, in L. infantum,
the difference is not as dramatic, with chloralin being only ~20 times more active
(Armson et al.,, 1999). In P. falciparum, the two chemicals have similar potencies
(Bell A., 1998).

Despite the limitations regarding solubility, oryzalin was used as a lead
compound for developing more active anti-protozoal agents. A novel chemical, GB-
I1-5 was synthesised that has activity 10-fold greater than oryzalin, although similar
affinity was observed for mammalian tubulin (Werbovetz et al., 2003). Furthermore,
this group was able to replace the potentially carcinogenic nitro moieties with cyano
groups while still retaining activity (George et al., 2007). However, previous studies
demonstrated that oryzalin had a very low in vivo activity in a rat model due to high
rates of metabolism (Dow et al., 2002). Therefore, development of new drugs based
on this compound could be problematic at a later stage. Nonetheless, these herbicide

inhibitors hold much potential for future therapeutics.

1.6 THE PUTATIVE DINITROANILINE AND
PHOSPHOROTHIOAMIDATE BINDING SITE(S)

Despite the increasing interest these compounds have received in recent years,
their binding site(s) on tubulin is/are still unknown. However, there are hints as to the
location of the dinitroaniline site based on mutations in resistant organisms and
tubulin molecular modelling studies. Eleusine inidica, goosegrass, is a weed common
in cotton fields that was first found to have trifluralin resistance back in the early
1970’s. Two mutations in the a-tubulin, Thr239Ile and Met268Thr, were found to be
associated with a 50% inhibitory concentration up to 200-fold greater than the
sensitive strain (Vaughn ef al., 1986 and Anthony et al., 1999). A different mutation,
Tyr24His, was found to be important for conferring a moderate 2-fold resistance in
Chlamydomonas reinhardtii to APM. However, this latter mutation also increases the
susceptibility to taxol 2-fold, thereby suggesting that this change induces an increase
in tubulin stability to counterbalance the destabilising presence of the
phosphorothioamidate (James et al., 1993). More significantly, homology modelling

using the crystal structure of bovine brain or pig tubulin as a template assisted three
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Fig. 1.9 Schematic structures of the phosphorothioamidate, APM (A) and the

dinitroanilines, oryzalin (B), trifluralin (C) and chloralin (D).




unrelated groups, Blume et al., (Eleusine indica), Délye et al., (Setaria viridis L.
Beauv.) and Morrissette et al., (Toxoplasma gondii) to speculate that the location of
the dinitroaniline site exists primarily on a-tubulin (Blume et al., 2003, Délye et al.,

2004 and Morrissette et al., 2004).

1.6. The Blume binding site

The Blume model is based on Eleusine indica using the original pig tubulin
crystal structure that was resolved at 3.7 A (Nogales er al,, 1998). It predicts that the
binding site is located at the dimer-dimer interface with a cavity being formed by the
following residues: Asp251, Thr253, Val252, Arg243, Leul36, Phel38, Val4 and
His8. Other amino acids are also involved: GInl33, GIn 256 and Arg2 are thought to
interact with the hydrocarbon chains of the dinitroanilines (see Fig. 1.10). Although
the resistance-conferring residue, Thr239lle, is not part of their binding pocket, the
authors suggest that this substitution induces conformational changes in the tubulin
molecule making the site inaccessible to the ligand and also causes a “redistribution

of electrostatic potential” (Blume et al., 2003).

1.6.2 The Délye binding site

The Délye model was based on S. viridis using the refined tubulin crystal
structure (1JFF) which is from bovine brain (not pig brain as incorrectly stated in the
paper) (Délye er al., 2004). This crystal structure did not resolve the entire tubulin
molecule, notably the amino acids between Met-36 to His-61, unlike the unrefined pig
brain crystal structure (1TUB). Therefore, Délye et al, (2004) used the 1TUB
structure to only rule out the region for the dinitroaniline binding site. The binding
site proposed by this group had two essential residues, Asp251 and Thr253 but other
residues were important for modulating this interaction; Vall6, Phe24, Leul36,
Thr239, Val252 and Met268 (see Fig. 1.11). Some of the amino acids are different in
Plasmodium though, particularly Thr 253 which is Asn in S. viridis.

However, some of these of resistant plants examined by this group displayed
super-sensitivity to unrelated tubulin inhibitors. Therefore, it may be the case that the
region identified by Délye et al., (2004) is affecting the tubulins by increasing their

stability so they are less likely to depolymerise in the presence of a destabilising

21



compound. This was previously shown to happen before by James et al., (1993),
whereby a replacement of Tyr24His in Chlamydomonas reinhardtii o-tubulin
increased the resistance of the organism to unrelated destabilising compounds but also

caused super-sensitivity to taxol.

1.6.3 The Morrissette binding site

An alternative model which has attracted considerably more attention is the
Morrissette site. This model was based on 7. gondii using the refined bovine brain
tubulin crystal structure (Lowe et al, 2001). Morrissette et al. (2004) initially
predicted this site existed under the N loop of a-tubulin and is composed of the
following residues: Arg2, Glu3, Val4, Try21, Phe24, His28, Serd2, Asp47, Arg64,
Cys65, Thr239, Arg243 and Phe244. This was later expanded to include Ile5, Sero6,
Cys20, Met36, Asp39, Lys40, Ala41, Pro63, Leul36, 11e235, Ser236, Ala240, Ser241
and Asp245 by Mitra A. and Sept D. (2006) (see Fig 1.12). One issue with this
model is that large parts of the N-loop and surrounding residues (amino acids 34-64)
on the a-tubulin were not resolved in the bovine crystal structure (Lowe ez al., 2001).
Therefore, Morrissette e al., used the analogous region in B-tubulin as a template
(Morrissette et al., 2004). Despite this problem, oryzalin was used as a template
molecule to dock into this putative site. Oryzalin was predicted to limit the flexibility
of the N-loop on the a-tubulin molecule which impacts on its interaction with the M-
loop from the adjacent protofilament. As a result, lateral contacts are disrupted,
thereby destabilising the MT (Morrissette et al., 2004 and Mitra et al., 2006). A
number of mutations in 7. gondii have been generated to date that have increased
resistance to oryzalin, although not all have mapped to the Morrissette site
(Morrissette et al., 2004, Ma et al., 2007 and Ma et al., 2008). Although several
mutations, notably Thr2391Ile or Arg243Ser, cause ~100 fold increase in resistance,
many of these changes are deleterious to the parasite. In some cases secondary
mutations occur spontaneously once the drug pressure is removed from the parasites.
Taken together, it is not known whether this resistance is caused by the mutations
increasing the stability of tubulin or reducing binding of the ligand (Morrissette ef al.,
2004, Ma et al., 2007 and Ma e al., 2008).
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Fig. 1.10 Homology model of P. falciparum a/B-tubulin dimer with the residues
forming the Blume site highlighted. This model was based on the crystal structure

of bovine brain tubulin, 3E22.
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Fig. 1.11 Homology model of P. falciparum a/B-tubulin dimer with the Délye site
highlighted. The Délye site is highlighted in red but the two most important amino
acids, Asp 251 and Thr 253 are coloured . This model was based on the crystal

structure of bovine brain tubulin, 3E22.



Fig. 1.12 Homology model of the P. falciparum ao/B-tubulin dimer with the

Morrissette site highlighted. This model was based on the crystal structure of

bovine brain tubulin, 3E22.



1.7 MICROTUBULES IN PLASMODIUM

In Plasmodium falciparum there are two a-tubulin isotypes (al- and all-
tubulin) and one B-tubulin (Holloway et al., 1989, Holloway et al., 1990 and Delves
et al.,, 1989). The a-tubulin isotypes are 94% identical at the amino acid level to each
other and are ~40% identical to B-tubulin. In general, the tubulin subunits often
exceed 65% identity for all organisms, with the C-terminal tail being the most varied
region (Bell A., 1998). Comparing the human and parasite tubulins (either a- or -
tubulin) demonstrated that the overall the similarities are in excess of 92% (although
the actual amino acid identities are lower, ~85%). Therefore, generating selective
compounds that are active against parasites but not humans is expected to be difficult

but not impossible.

1.7.1 Tubulin isotypes in P. falciparum

al-tubulin was thought to be the only isotype expressed in asexual stages of
Plasmodium and it was believed that all-tubulin was used for specific functions
within the axoneme of the male gametocyte. However, this was proven incorrect in
both P. berghei and P. falciparum. oll-tubulin is in fact expressed in most if not all
stages of the parasite life cycle, albeit to different degrees, and is essential for viability
(Kooji et al., 2005 and Fennell et al., 2008). The most significant difference between
the isotypes is the C-terminal tyrosine that exists on al-tubulin. Tyrosinated tubulin is
associated with more dynamic tubulins while detyrosinated tubulin is usually
relatively stable. There is some evidence to suggest that al-tubulin may function in
dynamic roles within the cell, e.g. mitotic spindle, whereby all-tubulin may be
important for maintaining stable MT’s such as those in the axoneme of male
gametocytes (Fennell er al., 2008). At least one post-translational modification,
glutamylation, occurs within P. falciparum tubulin. The role for this glutamylated

tubulin may be related to centriole maturation and stability (Fennell ez al., 2008).

1.7.2 Functional classes of microtubules in Plasmodium

In Plasmodium, three functional classes of MT’s are well known; spindle

microtubules, flagellar microtubules and subpellicular microtubules (SPM) (Bell,
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1998). Three distinct microtubule-organising centres (MTOC) are used to nucleate
these structures; the apical polar ring (APR), spindle pole plaques and centrioles (see
Fig. 1.13). All of these structures play different but vital roles within the cell as
reviewed by Tilney et al., (Tilney et al., 1996).

The subpellicular microtubules originate at the apical polar ring of the parasite
and span about two thirds its body length. They are highly stable, spirally arranged
structures that confer both shape and polarity to the cell (Morrissette et al., 2002).
The plus ends of the SPM’s are attached laterally to the APC but are not capped. The
length and number of the SPM’s vary depending upon the life cycle stage and species
of the parasite. In P. falciparum merozoites, only two or three of these structures are
present and they are often collectively called the falciparum merozoite-associated
assemblage of subpellicular microtubules (f-MAST) (Bannister es al, 2000).
However, in ookinetes, ~60 SPM’s are known to exist (Morrissette et al., 2002).
Although these structures are very stable, addition of high concentrations of trifluralin
were shown to depolymerise them and attenuate the ability of merozoites to invade
the erythrocytes, demonstrating their importance (Fowler er al, 1998). However,
once the merozoite has entered the red blood cell, the SPM and apical complex are no
longer needed and are dismantled (Bannister ez al., 2000).

Asexual replication by Plasmodium is termed schizogony and it can produce
up to 32 daughter cells (Bannister ez al., 2000). The spindle pole plaques are used to
nucleate the microtubular hemi-spindles from opposing sides of the cell. These hemi-
spindles eventually combine to form complete spindles. In P. berghei, three sets of
spindles are observed; those connecting the kinetochore to the spindle pole body, pole
to pole MT (astral microtubules) and pole spindles that terminate in the central region
of the cell (Morrissette et al., 2002). Nuclear division is not tightly controlled so
different mitotic spindle structures are often observed, which is in contrast to mitosis
in many other eukaryotes (Read er al, 1993). These spindle structures are the
frequent target for microtubule inhibitors due to their importance and highly dynamic
nature. Furthermore, many of the depolymerising agents preferentially bind to
soluble tubulin rather than preformed polymers as mentioned earlier.

The axonemal/flagellar microtubules are crucial for the motile male gametes.
The centrioles are used to nucleate the flagella, of which two are commonly located
on the anterior end of the cell (Morrissette ef al., 2002). The axonemes at the base of

the flagella also form the standard “9+2” arrangement (Tilney et al., 1996).
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Fig. 1.13 Schematic diagram of the main functional classes of microtubules in
the Plasmodium cell. 1: The axonemal/flagellar microtubules have the characteristic
“9+2” arrangement connected by the radial spokes. 2: Intra-cellular microtubules are
found within the cytosol. Kinesin, a MAP, is demonstrated attached to a microtubule
and a vesicle. The direction of transport is indicated. Sub-pellicular microtubules are
essentially the same in structure as intra-cellular MT’s except that they are more
stable.  3: Microtubule organising centres (MTOC) are the point at which
microtubule nucleation occurs. Two types of spindles are produced, the astral spindle
(pole-to-pole) and the mitotic spindle (bind to the kinetochore). (The diagram was
adapted from Fennell, 2005.)



1.7.3 Isolation of P. falciparum microtubules

Purification of microtubules from their native cells is usually a standardised
procedure revolving around cycles of assembly/disassembly of the polymer. This
permits the isolation of the protein because microtubules are readily sedimented by
centrifugation whereby the dimers are very soluble and require much higher speeds to
sediment them. Tubulin mixtures of about ~80% purity are obtained with the
contaminants primarily consisting of MAP’s (Bell A., 1998).  Affinity or
phosphocellulose chromatography is often employed to remove these accessory
proteins, generating a very pure final product. However, the major drawback of the
method is the prerequisite of initial high tubulin concentrations, enough to match the
critical concentration so that the first round of polymerisation can occur. In bovine
brains, tubulin accounts for ~20% of all the protein in the cell. However, in
Plasmodium, the amounts are much lower (<1%) (Fennell ef a/., 2008) and this makes
direct purification from the parasites very difficult. A common problem that occurs
when trying to generate tubulin in a foreign organism, typically Escherichia coli, is
the formation of insoluble proteins called inclusion bodies. To resolublise the protein,
it must first be completely denatured (e.g. with urea) and then refolded either
chemically or biologically. This method has been used successfully using a variety of
organisms (MacDonald et al., 2004, Bon-Sung et al., 2009, Myung-Hyun et al., 2008,
Linder et al., 1998, Bon-Sung et al., 2009, Shah et al., 2001, Wampande ez al., 2007,
Oxberry et al., 2000, Oxberry et al., 2001, Lubega et al., 1993 and Yaffe e al., 1988).
However, Guha et al., (1997) completely denatured goat brain tubulin and found that
an intermediate state is eventually reached which cannot be bypassed spontaneously.
This may suggest that subtle inter-species differences exist in relation to the folding
mechanism for tubulins and that this technique may not be applicable for all
organisms. To date, only two studies have attempted to generate recombinant
Plasmodium falciparum tubulin. The first study utilised a unique feature of Bacillus
brevis to secrete large amounts of protein into the extra-cellular medium. Despite the
initial success of synthesising milligram amounts of protein per litre of culture, further
isolation of the tubulin proved impossible (Bell et al, 1995). The second study
managed to produce significant amounts of both al- and - tubulin (=50 mg/l) tagged
with the maltose binding protein (MBP) that was capable of binding the mitotic

inhibitor, trifluralin. However, these tubulin fusion proteins were incapable of
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polymerisation with each other, although al-tubulin could co-assemble with bovine
brain tubulin demonstrating that it was folded correctly (Fennell et al., 2006 and

Fennell, 2005).

1.8 PLASMODIUM TUBULIN AS AN ANTIMALARIAL DRUG TARGET

The inhibition of microtubule dynamics by small ligands has been extensively
used for the treatment of a wide range of medical conditions for the past half-century,
most notably in cancer chemotherapy but also as antihelminthics, anti-fungals and
anti-inflammatories (Risinger et al., 2009 and Lacey, 1988). This success has
generated a huge interest in these proteins and has resulted in a dearth of information
being elucidated regarding their structure and function. However, there has been little
research regarding tubulin as a potential antimalarial target. A successful drug target
must fulfill several criteria; 1) Essentiality, 2) Selectivity, 3) Tractability and 4)
Assayability.  Therefore, this section will outline the potential advantages of using
microtubules as a drug target and will summarise its key inhibitors with regard to

Plasmodium.

1.8.1 Is tubulin essential in Plasmodium?

Microtubules are found in virtually all eukaryotic cells but their sensitivity to
the classic inhibitors (colchicine, vinblastine or taxol) can vary greatly depending if
the microtubules are stable or active. At clinically relevant concentrations, these
inhibitors suppress the dynamic nature of microtubules, i.e. reducing the speed at
which they polymerise or depolymerise leading to cell death (Okouneva et al., 2003
and Kelling et al., 2003). Therefore, the dynamic mitotic spindle in dividing cells
tends to be exquisitely sensitive to these inhibitors while more stable MT structures
are resistant. This difference is the basis for MT inhibition in cancer chemotherapy
(Risinger er al, 2009). The inhibitory effects of some well known antimitotic
compounds are listed in table 1.2.

The Plasmodium parasite undergoes numerous rounds of rapid cell division
during its life-cycle in the human host, particularly in the erythrocytic schizogony
phase (see section 1.2). This makes tubulin an ideal candidate for novel drug

development. Therefore, it is not surprising that a significant effort has been made
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ICy) (mammaiian celi, pM) IRef.

Compound IlCﬂ (P. falciparum , pM) |Ref.

Colchicine 10| Dieckmann-Schuppert ef al. , 1990 0.053|Bell A, 1998
Albendazole 30|Dieckmann-Schuppert ef al. , 1989 0.31|Bell A,, 1998
Vinblastine 0.031|Fennell ez al. , 2003 0.0006|Bell A., 1998
Dolastatin 10 0.0001|Fennell er al. , 2003 0.00012|Fennell er al. , 2003
Taxol 0.004|Fennell er al. , 2003 0.002|Bell A, 1998
cis-Tubulozole 3|Dieckmann-Schuppert ef al., 1989 <1.8|Geuens ef al. , 1985

Trifluralin 2.9
Oryzalin 6.1
APM 3.5

Fennell er al. , 2006
Fennell ef al. , 2006

Fennell et al. . 2006

>64
>64
>64

Fennell er al. , 2006
Fennell ef al. , 2006

Fennell ef al. . 2006

Table 1.2 ICso of known mitotic inhibitors for P. falciparum and mammalian

cells.




over the years to determine if known MT ligands would also be effective against the

parasite

1.8.1.1 Colchicine

Colchicine is highly toxic to mammalian cells but Plasmodium is relatively
insensitive to its effects. The minimum inhibitory concentration necessary to reduce
cell growth by 50% (ICsp) is between 10 and 13 uM in blood cultured parasites but
only ~50 nM in human cells (Bhattacharyya et al., 2007, Schrével et al., 1994 and
Bell A 1998). It is unclear whether this difference is due to the colchicine binding site
not existing on the Plasmodium tubulin or if the drug cannot penetrate into the cytosol
of the parasite due to the presence of several membranes (i.e. erythrocyte plasma
membrane, parasitophorous vacuole membrane and the parasite plasma membrane).
Therefore, it would be interesting to determine the exact nature of the parasite
resistance and if binding is possible, then this site could function as a potential target

for ligand development.

1.8.1.2 Vinblastine

The lowest recorded ICsy for vinblastine against the cultured Plasmodium
falciparum cells is <31 nM with the trophozoite stage being most susceptible (Fennell
et al., 2003). This is unsurprising because the schizont stage is characterised by rapid
nuclear division. Recent work has established that vinblastine rapidly accumulates in
the parasitized cells to ~110 times the external concentration within 15-20 min.
Furthermore, the majority of this inhibitor formed a stable complex with tubulin that
could not be removed by repeated washing steps (Naughton ez al., 2008). However,
vinblastine is also a very potent mammalian inhibitor (ICsy 600 pM) and therefore
development as an anti-malarial drug is not feasible (Bell A., 1998). Dolastatin-10
and -15, which both bind near the vinca domain, were very effective against cultured
parasites (ICso 100 pM and 200 nM respectively) but unfortunately they displayed

similar activity towards several mammalian cell lines (Fennell ez al., 2003)
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1.8.1.3 Taxol

The ICsy for taxol against cultured parasites is ~71 nM but the full effect on
asynchronous parasites is only evident after a 72 h incubation time (Schrével et al.,
1994). Dieckmann-Schuppert et al., determined a ~15 fold higher ICsy because they
used only a 48 h incubation time (Dieckmann-Scuppert ez a/., 1990). This unusual
result is likely caused by the delayed death of the parasites and generates a plateau
effect when measuring the drug ICso (Goodman et al., 2007 and Fennell et al., 2003).
It has been noted previously that some parasite drugs, e.g. clindamycin, are 3-4 orders
of magnitude more effective after 96 h incubation time rather than a typical 48 h
(Goodman et al., 2007). In this case, the parasites were capable of completing one
cycle of replication but failed to progress through schizogony even after invading new
erythrocytes (Goodman ez al., 2007). Alternatively, a sub-population of the parasites
may not be in the appropriate age range for optimal inhibition. Therefore, the drug
exposure time would be too short to determine an accurate ICs, (Fennell ez al., 2003).
Nonetheless, taxol is as effective if not more so against mammalian cells, thereby

precluding any further development as an anti-malarial drug.

1.8.1.4 Dinitroanilines and phosphorothioamidates

Unlike the classical tubulin  ligands, the dinitroaniline and
phosphorothioamidate herbicides display selective activity towards the Plasmodium
parasites which could be exploited as a novel therapeutic approach. These
compounds have only moderate ICso against these cultured cells, though: trifluralin
2.9 uM, oryzalin 6.1 uM and APM 3.5 uM (Fennell et al., 2006). Trifluralin uptake
into erythrocytes with and without parasites was monitored by radiolabelling the
compound. The hydrophobic nature of the compound permitted the ligand to
accumulate up to ~300 times the external concentration with an apparent maximum
being reached in ~10 min. However, no saturation point could be achieved and the
vast proportion of trifluralin could be removed by washing the parasitized cells
indicating that the compound was binding mostly non-specifically. It was suggested
that trifluralin was becoming stuck in the membranes of the cells and most of it was
not reaching its cellular target (Naughton ez al., 2008). This effect was witnessed

previously whereby seeds with high lipid content were resistant to the compound
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(Parka et al., 1977). Furthermore, a secondary mechanism for inhibition by oryzalin
has been suggested, with the possible involvement of Ca>". It is proposed that release
of Ca’" ions in the Oryza sativa cells is induced by the presence of oryzalin and this
increases the destabilising effect of the compound (Giani e al., 2002). Werbovetz et
al., suggested that the increased Ca’" levels correspond with the inhibition of
mammalian cells (Werbovetz er al., 2003). To date, more potent derivatives of
oryzalin have been synthesized that still retain their selective activity towards
Leishmania over mammalian cell lines indicating that this group of inhibitors has a
real potential for future anti-protozoan development (George et al., 2007).

Overall, there is overwhelming evidence to support the fact that inhibition of

tubulin dynamics is lethal to the parasite.

1.8.2 Is Plasmodium tubulin different enough to be selective?

Tubulin is a highly conserved protein. In fact, Plasmodium a- and B-tubulin is
84% and 88% identical to human tubulin at the amino acid level. (See Figs. 1.14 and
1.15). Furthermore, the classical tubulin inhibitors are less or equally potent to cells
from either organism (see section 1.8.1.1 — 3). As a result, it is unlikely that these
drugs could ever be used as antimalarials. However, some ligands, such as the
phosphorothioamidates and dinitroanilines, have been demonstrated to show
selectivity to the Plasmodium tubulin (Fennell ez al., 2006). These compounds appear
to preferentially interact with tubulin from plants, protozoa and fungi but not
mammalian cells, indicating a unique binding site exists in these proteins (Dow et al.,
2002, Murthy et al., 1994, Fennell et al., 2006 and Werbovetz et al., 2003). This
binding site is likely born from amino acid differences that either indirectly cause a
conformational change to parasite tubulin, generating novel folds or are directly
involved in the herbicide’s interaction with the protein. In the former case, this could
create numerous cryptic regions on the tubulin molecule that could only be indentified
upon elucidation of its crystal structure. In the latter case, it may be possible to
suggest potentially interesting regions which are significantly different from human
tubulin by comparing the amino acid sequences of these proteins.

Other significant differences do exist between human and parasite tubulin. In
higher eukaryotes (e.g. mammals), a-tubulin migrates slower than B-tubulin on a

denaturing gel. However, for lower eukaryotes (e.g. protozoa, plants and fungi), the
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opposite is true and the tubulin migration is “inverted” with B-tubulin migrating
slower than a-tubulin (see table 5.1). The exact mechanism for this unusual feature
has yet to be elucidated although it is likely due to differential binding of SDS to
tubulin as this has been observed before in other proteins (Rath et al., 2009 and
Matagne et al., 1991). To date, it is not known if one or many amino acids are
responsible.

Despite their similarity, significant differences do exist between Plasmodium
and human tubulin. This is exemplified by the differential binding of the herbicides
compounds to the parasite tubulin and the inversion phenomenon. As a result, it is
likely that a therapeutic window exists which can be exploited for the generation of

novel antimalarials.

1.8.3 How tractable is Plasmodium tubulin?

The inherently dynamic nature of microtubules is exquisitely sensitive to
perturbation by small molecules such as vinblastine (Okouneva et al., 2003). This
drug is capable of killing parasite cells at low nano-molar concentrations (28 nM)
despite having a significantly higher K; (500 nM) for tubulin itself (Bell A., 1998 and
Avila J., 1990). It has been suggested that is due to the sub-stoichiometric binding of
the ligand to the end of the MT’s, i.e. vinblastine binds to tubulin dimers which once
attached to the MT affect subsequent dimers from associating (Correia et al., 2001
and Bhattacharyya et al., 2008). Therefore, a low percentage of the tubulin-ligand
complex can be effective at suppressing MT dynamics to an extent which is lethal to
the cell.

Although both taxol and vinblastine are relatively large (~900 Da),
complicated compounds, numerous smaller inhibitors have been discovered to date.
The herbicide class of compounds are particularly small (~300 Da) and are amenable
to chemical modifications. In fact, a plethora of compounds have been synthesized
based on the oryzalin skeleton which has identified inhibitors of nano-molar potency
(George et al., 2006 and George et al., 2007). Since these inhibitors are selective for
Plasmodium, they are likely to be useful for future development.
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Fig. 1.14 Alignment of the a-tubulin amino acid sequence from P. falciparum
and H. sapiens.  The table shows an AA map that describes the colour coding

scheme (reproduced from www.ebi.ac.uk/Tools/es/cgi-bin/tcoffee).  “*” means
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conserved sequence. means conserved according to the type of change i.e. an
acidic AA for a different acidic AA. “.” means semi-conserved. Semi-conserved
means that most of the AA’s are similar in type or identical but at least one is

completely different.
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Fig. 1.15 Alignment of the amino acid sequence of B-tubulin from P. falciparum
and H. sapiens.  The table shows an AA map that describes the colour coding

scheme (reproduced from www.ebi.ac.uk/Tools/es/cgi-bin/tcoffee). “*” means
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means that most of the AA’s are similar in type or identical but at least one is

completely different.




1.8.4 How simple are tubulin-ligand interactions to assay?

MT’s have several characteristics which have been previously used to develop
assays to detect small ligand interactions. These characteristics are: 1) the ability to
polymerise/depolymerise, 2) GTPase activity, 3) presence of sulphydryl residues and
4) presence of tryptophan residues.

Perhaps the most striking feature about tubulin is the ability of its dimers to
form MT’s. These MT’s can rapidly elongate and shorten under the optimal
conditions. As MT’s are formed in solution, the sample becomes increasing opaque
which can easily be measured spectrophotometrically. Addition of tubulin inhibitors
to a sufficient concentration tends to either increase or decrease the assembly rate of
the polymer. This method can be used to determine /sy value (inhibitor concentration
required to inhibit rate by 50%) of an inhibitor and has been used for a wide range of
unrelated tubulin ligands (Lee ef al., 1980, Ray et al., 1996, Kumar, 1981, Werbovetz
et al., 2003, Hughdahl et al, 1993 and MacDonald et al, 2004). This assay is
particularly useful as some tubulin ligands bind only to soluble dimers (e.g.
vinblastine) while others only bind to the polymer (e.g. taxol) (Freedman ez al., 2009
and Gigant et al., 2005). Furthermore, it is possible that some ligands may bind to the
end of an MT suppressing its growth rate and having the potential to be an effective
inhibitor despite having only a relatively weak aftinity for molecule itself (see section
1.8.3). This assay can also be adapted to a high-throughput-system by virtue of a
fluorescent probe interacting non-covalently with the polymerising tubulin (Barron et
al., 2002). Finally, the polymerised tubulin can also be separated from unpolymerised
tubulin by centrifugation in the presence of different ligand concentrations. The
polymerised tubulin concentration can then estimated to determine the effect of the
ligands (Lacey, 1988). This method has the potential to significantly reduce the
amount of protein required in the assay if sensitive techniques such as western
blotting are employed.

Tubulin polymerisation is coupled to GTP hydrolysis which produces GDP
and free inorganic phosphorous (P;) (Lacey, 1988). Since P; can be readily detected
by non-radioactive dyes, this method can be applied to a 96-well plate format to
screen for effective tubulin ligands (Fisher ez al., 1994). Typically, soluble tubulin
dimers have minimal GTPase activity (Lacey, 1988). However, colchicine and its

derivatives are capable of stimulating the tubulin dimer to hydrolyse GTP. This
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phenomenon is thought to occur due to the ability of this compound to cause a
significant conformational change in the tubulin molecule but may not be suitable for
all ligands (Sackett, 1995).

Sulphydryl residues report the interaction of a ligand with tubulin by
measuring spectrophotometrically their reactivity with a specific reagent (Gupta et al.,
2002). A ligand can either bind to a sulphydryl group or cause a conformational
change to the tubulin molecule so that these residues become less reactive. This assay
does not require the tubulin to be assembly competent.

The ability of tryptophans to fluoresce when excited can be used to report
ligand-tubulin interactions directly. A compound can either bind to a tryptophan
residue or cause a conformational change to the tubulin molecule so that they become
more stable. This causes the tubulin fluorescence to be quenched and can be used to
determine drug binding constants (Panda et al., 2000 and Werbovetz et al., 1999).
This assay also does not require the tubulin to be assembly competent.

Overall, there are numerous methods to screen potential drug candidates using

purified tubulin.

1.8.5 Conclusion

In summary, tubulin is an essential protein for the Plasmodium parasite. Even
small perturbations in its activity are damaging to the cell. Despite the fact that the
protein is highly conserved among all eukaryotes, significant differences do exist
between the human and parasite tubulin. In fact, a group of herbicide compounds
have been discovered which are small and selective to Plasmodium. Finally, the
unique properties of the tubulin molecule allow the development of numerous ligand
binding assays. Therefore, Plasmodium tubulin has the potential to be an effective

drug target.

1.9 PROJECT OBJECTIVES

Since tubulin would make a good drug target, the work conducted in this
thesis was undertaken to determine if novel herbicide compounds could be potentially
used as anti-malarial chemotherapy. This project had three main aims;

1) to generate recombinant tubulin that is suitable for ligand-binding studies
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2) to evaluate a series of novel phosphorothioamidate-related compounds and their
effects at both the cellular and molecular level
3) to investigate the molecular basis of herbicide binding and the unusual

electrophoretic migration of P. falciparum tubulins
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Chapter 2

Materials and Methods



2.1 CHEMICALS, REAGENTS AND INHIBITORS

Chemicals and reagents used in this project were purchased from Sigma-
Aldrich (Dublin, Ireland) unless otherwise stated. All general chemicals were of
analytical grade. The grade of water used was filtered, deionised (dH,O) and was
dispensed from a Milli-Q Synthesis A10 (Millipore, Billerica, Massachusettes, USA).
All reagents used during electrophoresis were of electrophoresis grade. All chemicals

used for cell culture were of cell culture grade.

2.2 CULTURE OF AND EXPERIMENTS WITH P. FALCIPARUM

2.2.1 Routine culture of P. falciparum

The P. falciparum strain 3D7 (obtained from M. Grainger, National Institute
for Medical Research, London, UK) was maintained in continuous culture using
human erythrocytes (obtained whole blood from the National Blood Centre, Dublin)
and Albumax II ® (Gibco, Auckland, New Zealand) at a haematocrit of 5% (v/v),
according to the method of Trager and Jensen (Trager and Jensen, 1976).
Erythrocytes were prepared weekly by combining 10 parts whole blood with 1 part
PIGPA solution (50 mM sodium pyruvate, 50 mM inosine, 100 mM glucose, 500 mM
disodium hydrogen phosphate, S mM adenine, 0.72% (w/v) sodium chloride pH 7.2)
and incubating the mixture at 37°C with occasional agitation. The blood was then
washed in cold, sterile phosphate buffered saline (OXOID Ltd., Basingstoke,
Hampshire, UK) (twice) and in complete medium as before (once) to remove the
buffy coat, using a Sorvall RT6000D bench top centrifuge (Du Pont Ltd., Stevenage,
Herts, UK) at 1500 rpm (488 x g), 4°C for 10 min. Erythrocytes were resuspended to
a 50% haematocrit in complete medium (RPMI 1640 medium, supplemented with 25
mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid), 0.002% (v/v)
gentamicin, 0.18% (w/v) sodium bicarbonate, 50 pg/ml hypoxanthine and 5% (w/v)
Albumax®, pH 7.0) and stored at 4°C. A sample of washed erythrocytes was
incubated at 37°C to check for contamination. This was done by preparing smears
that were dried, fixed in methanol, stained with a 1:10 dilution of Giemsa-stain (Fluka
Chemie AG, Buchs, Switzerland) and in Giemsa buffer (1% (w/v) Na,HPO4.2H,0,

1% (w/v) KH,PO,) and destained in Giemsa buffer. The smears were examined
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microscopically using 1000X magnification under oil immersion. The parasites were
routinely cultured in petri dishes with complete medium at 37°C in a candle jar.
Parasitaemia was measured by microscopic counts of Giemsa-stained smears.
Routine cultures were diluted with fresh erythrocytes at least twice a week and the

medium was replaced depending upon the parasitaemia.

2.2.2 Measurement of inhibition of parasite proliferation using the parasite

lactate dehydrogenase (pLDH) method

Inhibition of P. falciparum growth was measured spectrophotometrically
based on the parasite lactate dehydrogenase assay (pLDH) developed by Makler et al.
(1993). This enzyme converts lactate to pyruvate, reducing 3-acetyl pyridine adenine
dinucleotide (APAD), which is used as a co-factor, in the process. Human
erythrocyte LDH can also use APAD but to a lesser extent. In a typical assay,
asynchronous parasite cultures of 0.8% parasitaemia, 2% haematocrit were grown in
complete medium containing titrations of inhibitors diluted in dimethylsulphoxide
(DMSO) in 96-well flat-bottom culture plates (Sarstedt Ltd., Drimnagh, Co. Wexford)
for 48 — 72 h. DMSO alone was added to cultures to the same concentration as a
control. After 48 and 72 h, 10-ul samples of parasitized erythrocytes were removed
and their pLDH activities were determined by mixing the samples with 50 pl of
Malstat ® (0.1 M Tris-HCI pH 9.0, 0.2 M lithium lactate, 0.2% (v/v) Triton X-100
and 1 mM APAD), which provides APAD and L-lactate as substrates. pLDH
released by the parasites results in the production of pyruvate and reduced APAD.
Ten ul of nitro blue tetrazolium (NBT) : PES phenazine ethosulfate (PES) (ratio 1:1
of NBT (2 mg/ml) and PES (0.1 mg/ml)), were added to each sample, forming a blue
formazan product in the presence of reduced APAD that was detected using a Titerek
Multiskan® Plus spectrophotometer (Eflab, Finland) at 650 nm. The resulting
absorbance was proportional to pLDH activity, which correlates to the percentage
parasite growth/survival (Makler ez a/, 1993). Uninfected erythrocytes were used as a
control to determine the background level of LDH activity in human erythrocytes.
Parasites cultured in the absence of inhibitors were used as controls for measurement
of uninhibited pLDH activity. All inhibition assays were repeated at least two times

in duplicate. Dose-response curves for each compound were created from the
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averages of absorbance readings and the median inhibitory concentrations (ICs) were

determined graphically.

23 CLONING, EXPRESSION AND MANIPULATION OF P.
FALCIPARUM al- AND B-TUBULIN GENES

Several plasmids and numerous primers were used throughout the course of
this study. The plasmids with the respective tubulins are listed in Table 2.1. The

primers used are listed in Table 2.2.

2.3.1 Isolation and purification of DNA

Plasmids were isolated using a Wizard® Plus SV Minipreps DNA Purification
System kit (Promega, supplied by Medical Supply Co., Dublin, Ireland). Briefly, the
kit used a glass fibre membrane to affinity purify the DNA from fresh overnight
cultures (5 — 50 ml), which were subsequently washed and eluted with DNAase free
dH,O. A similar kit, Wizard® SV Gel and PCR Clean-Up System (Promega), was
used to remove impurities (e.g. old buffers) from previously isolated DNA or in
particular DNA fragments. Briefly, separation of different DNA fragments was done
by cutting the band of interest directly from a freshly run agarose gel as outlined in
section 2.3.2. The agar sample with the DNA was subsequently melted and cleaned

up as described in the manufacturer’s protocol.

2.3.2 Visualisation of DNA by agarose gel electrophoresis

DNA preparations (DNA base pair markers X (Boehringer Mannheim,
Mannheim, Germany), PCR products, purified plasmids, restriction enzyme-treated
plasmids and PCR fragments) were examined by mixing 5 — 10 pl of sample with 1-2
ul of loading buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF,
30% (v/v) glycerol, 10 mM EDTA) and running through a 0.5% —1% (w/v) agarose
gel prepared in TAE buffer (40 mM Tris-HCI pH 8.3, 2 mM EDTA, 1 mM acetic
acid). Samples were resolved by electrophoresis at 100 V in the direction of the
cathode until desired migration was achieved (based on visual inspection). The

running buffer for the electrophoresis was TAE buffer. Gels were stained in ethidium
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Plasmid |Promoter |Expression strain [Tag al-tubulin |all-tubulin |p-tubulin [Reference
PMAL-c2X [Py, TB1 MBP-tag |Yes No Yes Fennell et al, 2006
pMAL-c2G |P,,. TB1 MBP-tag |Yes No Yes This study
pET-11a_[T7 BL21(DE3) N.A. Yes Yes Yes Fennell, 2005
pET-16b [T/ BL21(DE3) His,-tag |Yes No Yes Fennell, 2005
pET-Duet |T/ BL21(DE3) NA. Yes Yes Yes This study

Table 2.1 List of all the plasmids and tubulin genes used in this study. all-tubulin was not routinely used: this was due to al-tubulin being

the dominant isotype during the asexual erythrocytic cycle (Fennell ez al., 2008).



IPlasmid Purpose Primers Template used for PCR
Foward (Above) and Reverse (Below)

PMAL-c2G

[nser:ptubuin 5 GATCTAACGTAATGAAGAGAAATTGTTCATATTC 3" pMAL c2X-p
5-CTAGTCTAGATTAGGCTTCTACGTCTCCTIC-3'

JPMAL-c2G-al |Alteration Val4Cys 5'-CGGCACACTACGTAATGAGAGAATGCATAAGTATCCATGTAGGACAAGC-3 pMAL-c2G-cl
) 5'-GCTTGTCCTACATGGATACTTATGCATTCTCTCATTACGTAGTGTGCCG-3'

Alteration: Cys65Ala ~ |5-GGGCAGGAAAACATGTACCACGIGCTGTTTTTGTCGATTTAG-3'

L lscraarcoacmumcacccareeTacaTerrecTocoe 5

~ [Alteration Thr2391e = 5'-GATTGATTGCTCAAGTTATTTCTTCCTTAATAGCATCTTTAAGATTTGATG-3 PMAL-c2G-cl
5-CATCAAATCTTAAAGATGCTATTAAGGAAGAAATAACTTGAGCAATCAATC-3'

ET-Duet  |mserptwbuin  |5-CGCGACGTCATGAGAGAAATTGTTCATATICAAGC-3 PMAL-c2G-p
5'- CGCCTCGAGTTAGGCTTCTACGICICCTIC-3

pET Duet

ET-Duetp |mseriall-tubun  |5-CGCTC ATG ATG AGA GAA GTC ATTAGTATIC3  [pET-lla-oll
5'-CCC GGA TCC TCA TTC ATA TCC CTC ATC TIC TCC 3"

ET-11a-al

Alteration: Asn168Glu _ |5-TTATGGAAAGAAATCCAAACTGGAATITIGCTGTIGGCCATCACCTC-3' ~  |pET-lla-ol

5 GAGGTGATGGCCAACAGCAAAATTCCAGTTTGGATTTCTTTCCATAA 3!

ET-11ap

Table 2.2 List of all the primers and their purpose used in this study. The template used for the PCR is also included.



bromide (1 pg/ml) for 15 — 30 min, rinsed in dH,O and the DNA was visualized and
photographed by exposing the gel to ultraviolet (UV) light using an Alpha Imager
2200 gel imaging system (Alpha Innotech Corporation, San Leandro, California,
USA).

2.3.3 Generation of the pMAL-c2G construct with P. falciparum al- and -

tubulin genes

The P. falciparum 3D7 al- and B-tubulin genes were previously cloned into
the expression vector pMAL-c2x by Dr. Brian Fennell (Fennell et al., 2006). The
tubulin genes were re-amplified using this construct to include a 5° Snabl (New
England Biolabs, Hertfordshire, UK) and a 3° Hindlll (New England Biolabs)
restriction site for al-tubulin or a Xbal (New England Biolabs) restriction site for p-
tubulin so that they could be inserted into pMAL-c2g (New England Biolabs). The
plasmids differ by the endoprotease site they incorporate just after the maltose binding
protein (MBP) tag. pMAL-c2x adds a factor Xa site and pMAL-c2g adds a genenase
| site. Briefly, a “Hotstart”™ PCR was done using 0.5 uM of the al-tubulin forward
(5’-GCGCTACGTAATGAGAGAAGTAATAAGTATC-3") and reverse (5°-
CCCAAGCTTTTAATAATCTGCTTCATATCC-3") or 0.5 pM of the PB-tubulin
forward (5’-GATCTAACGTAATGAAGAGAAATTGTTCATATTC-3") and reverse
(5’-CTAGTCTAGATTAGGCTTCTACGTCTCCTTC-3") primers , ~ 100 ng pMAL-
c2x-al- or pMAL-c2x—B-tubulin, 2 mM dANTP (Roche), 0.5 mM MgCl, (Promega), 1
unit Pfu Turbo DNA polymerase (Stratagene, La Jolla, California, USA) and Pfu
turbo buffer (Stratagene) in a 50-ul reaction volume with a Techne TC-300 (Techne,
Burlington, NJ, USA) thermocycler. The programme used for the PCR was:
denaturation at 95°C for 3 min; followed by 28 cycles of 95°C for 30 s, annealing at
55°C for 1 min and extentsion at 72°C for 3 min; with a final extension at 72°C for 7
min. The tubulin PCR products were subsequently isolated from the parental DNA as
detailed in section 2.3.1 and digested with appropriated restriction enzymes before
insertion into the pMAL-c2g vector. Briefly, 50-ul reactions were set up in eppendorf
tubes using a DNA concentration between 0.5 and 2 pg, 10 units of Snabl and HindIll
or Xbal, buffer L (Roche), 50 mM NaCl (pH 7.5) and 5 pg bovine serum albumin
(BSA) for 6 h at 37°C. The digested DNA were then isolated as described in section
2.3.1. The plasmid and gene fragments (ratio of 1:3) were then ligated together using
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1 unit of T4 DNA ligase (Roche) and ligase buffer in a 20-ul reaction volume at 4°C
overnight. Competent E. coli XL-1 Blue cells, prepared as described in section 2.3.5
were transformed with the ligate by heat-shock method (as in section 2.3.6) and plated
out to L-agar (5% w/v yeast extract, 10% w/v tryptone, 5% NaCl w/v, 1% w/v agar)
supplemented with 100 pg/ml ampicillin (Roche) and incubated overnight at 37°C.
The resultant transformants were screened for the construct of interest (pMAL-c2g-
al- or pMAL-c2g-B-tubulin) as described in section 2.3.8. Confirmed recombinants

were transformed into TB1 (New England Biolabs) cells as described in section 2.3.6.

2.3.4 Generation of the pET-Duet-al/p and pET-Duet-all/p constructs

The pET-Duet plasmid (Novagen) has two multiple cloning sites (MCS) that
permit the expression of two proteins independently of each other in the same
organism. The overall strategy for this cloning experiment is detailed in Fig. 3.10.
The B-tubulin gene was inserted first into the vector and was re-amplified using the
pMAL-c2g-f vector from section 2.3.3 as a template. The B-tubulin forward primer
added an Aatll restriction site (5°-
CGCGACGTCATGAGAGAAATTGTTCATATTCAAGC-3") and the reverse primer
added a Xhol site (5’- CGCCTCGAGTTAGGCTTCTACGTCTCCTTC-3") using the
same conditions as in section 2.3.3 except that the annealing temperature was 56°C.
The tubulin PCR product was subsequently isolated from the parental DNA as
detailed in section 2.3.1 and the appropriate restriction enzymes were used for
digesting the DNA. Briefly, 50-ul reactions were set up in eppendorf tubes using a
DNA amount between 0.5 and 2 pg, 10 units of Aatll and Xhol buffer 4 (NEB), and 5
ug BSA for 12 h at 37°C. The ligation and subsequent screening of the pET-Duet-f3-
tubulin clone is outlined in section 2.3.4. The al- and all-tubulin genes were re-
amplified using either the pMAL-c2g-al vector or the pET-11a-all vection as a
template (see section 2.3.3). The al- and all-tubulin forward primers added a Rcal

restriction and the reverse primers added a BamHI restriction site. The al-tubulin

primers forward and reverse were; 5°-
CGCTCATGAGAGAAGTAATAAGTATCCATG-3’ and 5’-
CCCGGATCCTTAATAATCTGCTTCATATCC-3". The all-tubulin primers

forward and reverse were; 5’-CGC TC ATG ATG AGA GAA GTC ATT AGT ATT
C-3” and 5°-CCC GGA TCC TCA TTC ATA TCC CTC ATC TTC TCC-3’. The
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same conditions were used as detailed in section 2.3.3 except that the annealing
temperature was 53°C. The tubulin PCR product was subsequently isolated from the
parental DNA as detailed in section 2.3.1 and the appropriate restriction enzymes
were used for digesting the DNA. Briefly, 50—ul reactions were set up in eppendorf
tubes using al- or all-tubulin at a concentration between 0.5 — 2 ug, 10 units of Rcal
and BamH]I, buffer B (Roche), and 5 pg BSA for 12 h at 37°C. pET-Duet-B-tubulin
was digested in a similar manner; 50—ul reactions were set up in eppendorf tubes with
10 units of Ncol and BamHI, buffer 3 (NEB) and 5 pg BSA for 12 h at 37°C. The al-
or all-tubulin and pet-Duet-B-tubulin fragments were prepared for ligation and
screening as described in section 2.3.3. Confirmed recombinants were transformed

into BL-21 (DE3) (Novagen) cells as described in section 2.3.6.
2.3.5 Preparation of competent E. coli cells

A single colony from the desired strain of £. coli (XL-1 Blue (Stratagene),
BL21 (DE3) (Novagen) or TB1 (New England Biolabs)) was used to inoculate 20 ml
of L-broth and grown overnight with agitation at 200 rpm at 37°C. 5 ml overnight
cultures were used to inoculate 400 ml of fresh L-broth in a 2—1 baffled flask and the
bacteria were then grown at 37°C with agitation at 200 rpm until they had an
absorbance reading at 600 nm (Ago) of ~0.4. Cells were decanted into two 250 ml
Sorvall GSA containers and were chilled on ice for 20 min. Cells were sedimented by
centrifugation at 4000 rpm (2600 x g) for 10 min at 4°C in a Sorvall RC-50 centrifuge
(Du Pont Ltd. Stevenage, Herts, UK). The supernatant was decanted and the pellet
was gently resuspended in 100 ml of ice-cold CaCl, (100 mM) and incubated on ice
for 1 h. Cells were resuspended in 20 ml of ice-cold CaCl, solution, divided among
pre-chilled sterile eppendorf tubes (200 — 500 ul volumes), snap frozen in liquid

nitrogen and stored in a — 70°C freezer.
2.3.6 Transtormation of competent E. coli strains

Competent E. coli cells were transformed using the heat-shock method as
described by Maniatis ef al (1982). XL-1 Blue cells were always used for the initial
plasmid transformation and subsequent cloning experiments (e.g. screening of
transformants) due to its high levels of competency and that these cells were not able

to express either the “pMAL” or “pET” vector’s which is advantageous if the
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recombinant protein(s) is toxic to the cell. The “pMAL” plasmids were always
transformed into the E. coli TBI strain while the “pET” plasmids always used the
BL21 (DE3) strain only. The competent cells were thawed on ice for 30 min and
were mixed with 1-30 pl of ligation mixture or expression plasmid in a sterile
eppendorf. Samples were incubated on ice for 30 min, heat-shocked in a 43°C water
bath for 2 min and were transferred to ice for 2 min. One ml of pre-warmed L-broth
was added to the samples, which were then incubated in a 37°C water bath for 1 h.
After incubation, 100—ul volumes of each sample were plated in duplicate on L-
agar/ampicillin and incubated overnight at 37°C. The remaining cells were
sedimented by centrifugation at 14,000 rpm (18,000 x g) for 1 min at room
temperature and most of the supernatant was removed except for ~100 ul. The pellet
was then resuspended in the excess L-broth and plated on duplicate L-agar plates as
previously described. Controls for the transformation experiment included undigested
and digested vector (with appropriate restriction enzymes), PCR fragments and

untreated competent cells.

2.3.7 Screening of the transformants

Putative transformants were grown at 37°C for 12 — 16 h and then individual
colonies were transferred onto a gridded L-agar plate with a suitable antibiotic for
rapid identification in the future. DNA sequencing was conducted by GATC

(Konstanz, Germany) on clones that were confirmed to have the gene of interest.

2.3.7.1 Screening by small-scale plasmid isolation

Putative transformants and controls were grown overnight at 37°C, with
agitation at 200 rpm, in 5 ml of L-broth with suitable antibiotic added in a test tube.
The cultures were then transferred to an eppendorf tube and sedimented by
centrifugation at 14,000 rpm (18,000 x g) for 1 min (all centrifugation steps were
conducted at room temperature). The supernatants were discarded and the pellets
were resuspended in 100 pl of a glucose solution (10 mM Tris-HCI pH 8.0, 50 mM
glucose, | mM EDTA). Two hundred pl of freshly prepared lysis solution (200 mM
NaOH, 1% w/v SDS) were added and the tubes were mixed by inverting them 4 times

and then incubated on ice for 5 min. Three hundred pl of potassium acetate solution

40



(4 M potassium acetate, 2 M acetic acid) were added, mixed and incubated on ice for
S min. The tubes were centrifuged for 5 min at 14,000 rpm (18,000 x g) and the
supernatants were transferred to fresh tubes. One ml of absolute ethanol was added
and the tubes were mixed by inversion and left on ice for 5 min. The DNA was
sedimented by centrifugation at 14,000 rpm (18,000 x g) for 10 min. The
supernatants were discarded and the pellets washed in 500 pl of 70% v/v ethanol.
The tubes were inverted and placed in a 37°C incubator for 1 h to remove residual
ethanol. The pellets were resuspended in 50 ul dH,O containing 0.01 pg RNase A
and 10 — 20 ul were loaded onto an agarose gel and treated as described in section
2.3.2. Following the ethidium bromide staining procedure, putative recombinants

were identified by a slower migration through the gel than the vector alone.

2.3.7.2 Rapid colony screening

Colonies were emulsified in 16 pl lysis buffer (0.67% (v/v) SDS, 130 mM
NaOH, 10x loading buffer (see section 2.3.2 for reagents) in eppendorf tubes before
adding 3 pul of a potassium acetate acetic acid solution (3 M potassium acetate, 1.8 M
acetic acid). Tubes were centrifuged for 4 min at 14,000 rpm (18,000 x g) to
sediment cellular debris. Ten—fifteen ul of the resultant supernatant were loaded
directly onto an agarose gel and treated as detailed in section 2.3.2. Following the
ethidium bromide staining procedure, putative recombinants were identified by a

slower migration through the gel than the vector alone.

2.3.7.3 Screening by restriction endonuclease digestion

To confirm that the putative recombinants contained the insert of interest,
restriction enzymes were used to linearise the original vector and the putative
recombinant plasmids. The putative recombinants were used to inoculate 5 ml of L-
broth supplemented with appropriate antibiotic and grown overnight at 37°C with
agitation at 200 rpm. The plasmids were isolated as described in section 2.3.1.
Restriction enzyme digestion was conducted using appropriate enzymes as outlined in
section 2.3.3.  The linearised putative recombinant plasmids and plasmid alone were
compared by size on an agarose gel as detailed in section 2.3.2. This permitted the

comparison of known size for the plasmids.
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2.3.7.4 Screening by PCR

PCR amplification for the gene of interest was conducted using the putative
recombinant plasmids to determine the presence of the insert. The putative
recombinant plasmids were isolated as detailed in section 2.3.7.3. These putative

recombinants were used as a template in a PCR reaction as outlined in 2.3.3.

2.3.8 Generation of altered tubulins by site directed mutagenesis

Inverse PCR was used to introduce point mutations directly into the tubulin
genes. Briefly, bi-directional, overlapping primers with nucleotide changes specific
to the target sequence were designed so that the entire plasmid would be amplified
during the reaction (see Fig 2.1). All of the plasmid templates were generated as

described in section 2.3.1

2.3.8.1 Generation of pMAL-c2G-al-tubulin alterations

The pMAL-c2g-al-tubulin vector was used as a template to generate specific
mutations in the al-tubulin gene which led to an amino change when translated
(Val4Cys, Phe24His, Cys65Ala, Leul36Phe, Thr2391le and Arg243Ser). One of the
following primer sets was used to generate the mutants; VAL4CYS (G10T, T11G and
A120) forward 5'-
CGGCACACTACGTAATGAGAGAATGCATAAGTATCCATGTAGGACAAGC -

3! and reverse 5'-
GCTTGTCCTACATGGATACTTATGCATTCTCTCATTACGTAGTGTGCCG -3,
PHE24HIS (T70C and T71A) forward 5'-

GGAAATGCTTGCTGGGAATTGCATTGCCTAGAGCATGGAATAC -3' and
reverse 5'- GTATTCCATGCTCTAGGCAATGCAATTCCCAGCAAGCATTTCC -
3 CYS65ALA (T93C and G94C) forward 5'-
GGGCAGGAAAACATGTACCACGTGCTGTTTTTGTCGATTTAG -3' and reverse
5'- CTAAATCGACAAAAACAGCACGTGGTACATGTTTTCCTGCCC -3,
LEU136PHE (A408C) forward 5"
CTGTACCGGTTTACAAGGATTTTTCATGTTCAGCGCAG -3' and reverse 5'-
CTGCGCTGAACATGAAAAATCCTTGTAAACCGGTACAG -3, THR239ILE
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Fig. 2.1 Schematic outline for generating specific alterations in the al-tubulin

gene. 1. Primers were designed so that they overlap each other with specific
nucleotide change in the centre. This nucleotide change causes a specific amino acid
change when the gene is expressed. The example shown has a valine being swapped
for a cysteine. 2. The amplification occurs in opposite directions, so the entire
plasmid is copied. The newly transcribed plasmid is not methylated unlike the parent
(represented by -CH3). 3. Addition of the restriction enzyme, Dpnl digests only
methylated DNA. Therefore, the newly transcribed plasmid is not digested while the
parental plasmid is. (The parental plasmid has numerous methylation sites, only one

is shown for demonstration purposes.)



(C717T) forward 5'-
GATTGATTGCTCAAGTTATTTCTTCCTTAATAGCATCTTTAAGATTTGATG -

3 and reverse 5'-
CATCAAATCTTAAAGATGCTATTAAGGAAGAAATAACTTGAGCAATCAAT
C -3, ARG243SER (A729C) forward 5'-

TCTTCCTTAACAGCATCTTTAAGCTTTGATGGTGCTTTAAATGTTGA -3' and
reverse 5'-
TCAACATTTAAAGCACCATCAAAGCTTAAAGATGCTGTTAAGGAAGA -3
The PCR was conducted using a 50—ul reaction volume with the primers added first
and diluted to the correct concentration (0.5 uM). This mixture was heated for 10 min
at 95°C to ensure the primers were completely denatured. A “Hotstart” PCR was set
up using ~ 100 ng pMAL-c2g-al, 2 mM dNTP, 0.5 mM MgCl,, 1 unit Pfu, Pfu turbo
buffer with a Techne TC-300 thermocycler. The programme used for the PCR was:
denaturation at 95°C for 3 min; followed by 28 cycles of 95°C for 30 s, annealing at
55°C for 1 min and extension at 72°C for 9 min; with a final extension at 72°C for 10
min. The PCR product was treated with 1 unit Dpnl (Roche) for 3 h at 37°C and then
cleaned up as described in section 2.3.1. The plasmids were transformed into XI.-1
blue cells as described in section 2.3.6 and screened as described in section 2.3.7.
Confirmed recombinants were transformed into £. coli TB1 cells as described in

section 2.3.6.
2.3.8.2 Generation of pMAL-c2G MBP A MCS alteration

MBP translated from the pMAL-c2g vector contains 73 extra amino acids
compared to the MBP attached to the tubulin fusions due to translation through the
MCS. Therefore, a stop codon was inserted into the pMAL-c2g vector in the
appropriate position, V390Stop (G1171T), so that pMAL-c2g MBP A MCS produces
MBP which was identical to the MBP on the fusion tubulins. A PCR amplification
was set up as described in section 2.3.8.1 with the following exceptions; 0.5 uM MBP
forward (5'-gtgcggeacactacgtataattcggatectctagag-3') and reverse (5'-
ctctagaggatccgaattatacgtagtgtgcegeac-3') primers and ~100 ng pMAL-c2g were used.

The annealing temperature used was 58°C.
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2.3.8.3 Generation of pET11a-al- and -pB-tubulin alterations

pET-11a-al-tubulin and pET-11-B-tubulin constructs were previously
generated by Dr. Brian Fennell (Fennell, B. J., PhD Thesis 2005). Specific nucleotide
changes were introduced into the tubulin genes: pET-11a-al-tubulin; N168E (A502G
and T504A) (forward 5'-
TTATGGAAAGAAATCCAAACTGGAATTTTGCTGTTGGCCATCACCTC -3'
and reverse 5'-
GAGGTGATGGCCAACAGCAAAATTCCAGTTTGGATTTCTTTCCATAA -3")
and 1437Stop (insertion T1318) (forward 5'-
AGAGGTAGGAATTGAATCCTAATGAAGCAGAAGGAGAAG -3' and reverse
5'-CTTCTCCTTCTGCTTCATTAGGATTCAATTCCTACCTCT -3') and pET-11a-
-tubulin; E431Stop (T1293) (forward 5'-
CAACAATATCAAGATGCTACAGCAGAATAGGAAGGAGAATTTGA -3'and
reverse 5'- TCAAATTCTCCTTCCTATTCTGCTGTAGCATCTTGATATTGTTG -
3") by inverse PCR as described in section 2.3.8.1. These were generated by Miss

Deirdre O’Flynn under my supervision.
2.3.9 Recovery of DNA by ethanol precipitation

DNA was concentrated by adding 1/10"™ the sample volume of 5 M sodium
acetate (pH 5.2) and 2 volumes of absolute ethanol (ice-cold). The sample was stored
at -70°C for 1 h and centrifuged at 14,000 rpm (18,000 x g) for 10 min. The
supernatant was removed and the pellet was washed with 2 volumes of ice cold 70%
(w/v) ethanol. The sample was centrifuged at 14,000 rpm (18,000 x g) for 5 min.
This wash step was repeated twice. The supernatant was discarded and the DNA
pellet was air dried in a 37°C incubator for ~1 h. The pellet was then resuspended in

an appropriate volume of dH,O.
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24  PROTEIN QUANTIFICATION AND ANALYSIS
2.4.1 Quantification of protein concentration by the Bradford assay

Protein quantification was determined using the colourimetric assay from
Bradford (1976), which is based on the binding of a dye, Coomassie Brilliant Blue
G250, to the protein of interest. Protein amounts in experimental samples were
determined with reference to a bovine serum albumin (BSA) standard curve. A
standard stock of 0.5 mg/ml BSA was diluted from a maximum of 15-1 pg/ml in a
final volume of 100 ul in PBS. Samples for quantification were also diluted in PBS to
a final volume of 100 pl. One ml of Bradford reagent (0.01% (w/v) Coomassie
Brilliant Blue G-250, 0.25% (w/v) ethanol and 10% (v/v) orthophosphoric acid) was
added to all samples, followed by vigorous vortexing to ensure a homogenous
mixture. Samples were incubated at room temperature for 20 min and absorbances
were determined at 595 nm using a Shimadzu UV-1601 PC spectrophotometer

(Shimadzu Scientific Instruments Inc., Columbia, MD, USA).
2.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were electrophoretically separated by SDS-PAGE according
to the method of Laemmli (1970). The separating gel consisted of 0.375M Tris-HCl
(pH 8.8), 0.1% (v/v) SDS, 0.06% (v/v) ammonium persulphate (APS) and 0.05%
(v/v) N, N, N, N’-tetramethyl-ethylenediamine (TEMED). Five %, 7.5% and 10%
gels had 15%, 22.5% and 30% respectively of acrylamide/bisacrylamide solution
(30% w/v, 37.5:1) (Protogel, National Diagnostics, Hull, UK) added. Stacking gels
consisted of 0.125 M Tris-HC1 (pH 6.8), 13.33% acrylamide/bisacrylamide (30% w/v,
37.5:1), 0.1% (v/v) SDS, 0.1% (v/v) APS and 0.1% (v/v) TEMED. Mini-gel glass
plates were clamped together, the separating gel was poured to ~1.5 cm from the top
of the plates and the solution was then covered using water-saturated iso-butanol for
15-30 min. After polymerisation, the gel was washed with water to remove the iso-
butanol and dried using Whatman paper. The stacking gel was then poured over the
set separating gel and a comb was inserted carefully to avoid adding air-bubbles. The
gel was allowed to polymerise for another 15-30 min. Protein samples were mixed in
an equal volume of 2x reducing SDS sample loading buffer (0.125 M Tris-HCI1 (pH
6.8), 2.3% (v/v) SDS, 10% (w/v) glycerol, 10% (v/v) 2-mercaptoethanol and 0.009%
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bromophenol blue (w/v) as a tracking dye) and boiled at ~100°C for 10 min. A
combination of proteins of known molecular weight (New England Biolabs or
Invitrogen) was loaded onto each gel as reference standards (Fig. 2.2). The protein
samples (0.2 — 30 pl) were resolved at 147 V using an EC105 power supply pack (E-
C Apparatus Corp., Holbrook, New York, USA) until the tracking dye reached the
bottom. Running buffer consisted of 0.3% (w/v) Tris-HCI, 1.44% (w/v) glycine and
0.1% (w/v) SDS.

2.4.3 Electrophoresis of the tubulin fusions by native PAGE

Protein samples were electrophoretically separated by native PAGE using the
same technique as outlined in section 2.4.2 except that SDS and in some cases (see
results section) 2-mercaptoethanol were omitted. Protein samples were mixed in an
equal volume of 2x non-reducing loading buffer (0.125 M Tris-HCI (pH 6.8), 100
mM EDTA, 10% (w/v) glycerol, a few grains of bromophenol blue and xylene cyanol
as tracking dyes) and the gel was run in non-reducing running buffer (30 mM Tris-

HCl1 pH 8.3, 0.19 M glycine).
2.4.4 Visualisation of protein samples on polyacrylamide gels

SDS-PAGE gels were stained with 20 — 25 ml of Coomassie blue reagent
(0.15% (w/v) Coomassie Brilliant Blue R250 (Phiobio, Fisons Scientific Equipment,
Loughborough, UK), 45% (v/v) methanol (BDH), 10% (v/v) glacial acetic acid
(BDH)) for 1-4 h. The gels were destained in 20% (v/v) methanol and 7.5% (v/v)
glacial acetic acid until the background was clear. The gels were photographed with
the Alphaimager 2200 (Alpha Innotech Corp.) and stored in cellophane (Bio-Rad
Laboratories, Hercules, CA, USA).

2.4.5 Protein precipitation with trichloroacetic acid (TCA)

Certain dilute proteins samples were concentrated by TCA precipitation prior
to loading onto SDS-PAGE gels. Protein samples were mixed with 25% ice-cold
TCA (1:1 ratio), incubated on ice for 5 min and then centrifuged at room temperature
at 14,000 rpm (18,000 x g) S min. The supernatant was discarded and the pellet was
resuspended an appropriate volume (1-20 ul) of 1x reducing SDS sample loading

buffer (62.5 mM Tris-HCI pH 6.8, 1.15% (v/v) SDS, 5% (v/v) glycerol, 5% (v/v) 2-
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polyacrylamide gels. A. See-blue 2 (Invitrogen). B. Broad range marker (Roche).
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mercaptoethanol and 0.005% (v/v) bromophenol blue as a tracking dye).
Occasionally the loading buffer turned yellow and required the addition of a few
crystals of Tris to restore the pH of the solution. The samples were then boiled for 10

min and loaded onto SDS-polyacrylamide gels.
2.4.6 Western immunoblotting

Protein samples resolved on SDS-PAGE gels (as described in section 2.4.2)
were further analysed by antibody staining. Polyvinylidiene difluoride (PVDF)
membrane (Roche Diagnostics GmbH, Mannheim, Germany) was used to capture
proteins transferred from unstained SDS-polyacrylamide gels. Briefly, the PVDF
membrane was soaked in methanol for 10 s before being soaked in transfer buffer
(1.44% (w/v) glycine, 0.3% (w/v) Tris-HCI pH 8.3%, 20% (v/v) methanol). The gel
and PVDF membrane were compressed together to form a sandwich, backed either
side by blotting paper, in the blotting tank filled with ~1 1 of transfer buffer. The
transfer was conducted at 4°C, with an ice-block and magnetic stirrer present to
minimise the heat generated, for 90 min using 100 V. After the transfer, the blot was
blocked in 5 — 10% skimmed milk in Towbin’s buffer (10 mM Tris-HCI pH 7.4, 0.9%
(w/v) NaCl) for at least 1 h with shaking at room temperature. The membrane was
incubated with the primary antibody to a final concentration 1:2000 in 3% (w/v)
skimmed milk in Towbin’s buffer for 1 h. The blot was washed in Towbin’s buffer
with 0.05% (v/v) Tween 20 for 1 h. Goat-anti-rabbit-immunoglobulin—peroxidase
(GARIg-PO), diluted to a final concentration of 1:4000 in 3% (w/v) skimmed milk,
was used as the secondary antibody to probe the blot for 1 h. The blot was treated
with chemiluminescence western blotting substrate (Roche) according to
manufacturer’s instructions in a darkroom before exposing it to X-OMAT UV film
(Kodak, Dublin) for an appropriate time. The film was developed manually by a
standard procedure; 30 s in developer (Kodak), 30 s in dH,O and 30 s in fixative
(Kodak) or automatically by using a Kodak X-OMAT 1000 Processor (Rochester,
New York, U.S.A). The film was air-dried and the photo was taken using an
Alphaimager 2200 (Alpha Innotech Corp.).
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2.4.7 Estimation of relative protein amounts on a SDS-polyacrylamide gel by
densitometry

SDS-polyacrylamide gels that coomassie stained as outlined in section 2.4.4
were scanned and analysed by the specific densitometry program, Quantity One®
(Bio-Rad Laboratories, Inc., California, U.S.A.). The relative amount of protein in

each lane was compared to a control sample loaded on the same gel.

2.5 GENERATION, PURIFICATION AND REFOLDING OF
RECOMBINANT TUBULINS

2.5.1 Expression of tubulins from the pMAL-c2x-tubulin and pMAL-c2g-
tubulin constructs

L-agar plates supplemented with ampicillin (100 pg/ml) were streaked out
with the E. coli TB1 expression strain containing the construct of interest and left
overnight at 37°C. A single colony was used to inoculate 5 ml of L-broth
supplemented with ampicillin (100 pg/ul) and was left overnight in an orbital shaker
(Gallenkamp Ltd., Stockton-on-tees, England) at 37°C with 200 rpm agitation. An
appropriate volume of L-broth in a baffled flask (20 ml — 500 ml), supplemented with
ampicillin (100 pg/ul), was inoculated with a 1/200" volume of the overnight sample.
The culture was grown in an incubator at 37°C, with an agitation of 200 rpm until an
absorbance between 0.5 — 0.7 was reached. Recombinant gene expression was
induced by adding 0.35 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) to the
culture and incubating it for a further 3 h. Cells were harvested by centrifuging them
using a SLA-1500 rotor in a Sorvall RC50 Plus centrifuge at 8,000 rpm (7670 x g) for

10 min at 4°C. The supernatant was discarded and the pellets were frozen at -20°C.

2.5.2 Expression of the pET-11a-tubulin, pET-16b-tubulin and pET-Duet-
tubulin constructs

L-agar plates supplemented with ampicillin (100 pg/ml) were streaked out
with the E. coli BL21 (DE3) expression strain containing the construct of interest and
left overnight at 37°C. A single colony was used to inoculate 20 ml of L-broth

supplemented with ampicillin (100 pug/ul) and was incubated in an orbital shaker at
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37°C with 200 rpm agitation until an absorbance of~ 0.375 was achieved. The culture
was then left at 4°C overnight. A 1/200™ appropriate volume of culture was taken to
be used as an inoculum. The inoculum was centrifuged at 14,000 rpm (18,000 x g)
for 1 min at room temperature and resuspended to its original volume in fresh L-

broth. The remaining expression steps were conducted as described in section 2.5.1.
2.5.3 Affinity purification using an amylose column

The pellets were resuspended in 20 ml of ice-cold amylose column buffer (20
mM Tris-HCI pH 7.4, 200 mM NaCl, 1 mM EDTA; filter-sterilised) with 1-2
complete mini protease inhibitor cocktail tablets (Roche). Cells were lysed by 2-3
passages through a pre-cooled French® Pressure cell press (SIm-Aminco/Spectronic
Instruments Inc., Rochester, NY, U.S.A) at a pressure of 1500 psi. The extract was
centrifuged in a polypropylene tube using a pre-cooled SS-34 rotor at 4°C, 17,000
rpm (35,000 x g) for 1 h. Small particulate matter was further removed by passing the
supernatant through a 0.2 uM filter (Millipore). All of the amylose column steps
were conducted at 4°C in a cold room. The amylose column was prepared by pouring
~ 5-10 ml amylose resin into a 2 x 10 ¢cm column (Bio-Rad) and equilibrated by
running > 10 column volumes of amylose column buffer through it using a peristaltic
pump, Pump P-1 (Pharmacia Biotech, New Jersey, U.S.A) at 2 ml/min (the pump was
used at 2 ml/min for all steps except where otherwise stated). The supernatant was
then diluted with 5 volumes of amylose column buffer and loaded onto the column at
1 ml/min. The column was washed with > 15 column volumes of amylose column
buffer. The bound protein was released using ~50 ml elution buffer (10 mM maltose
in amylose column buffer, filter sterilised). The eluted proteins were concentrated
using an Amicon centrifuge filter (Millipore), with a molecular weight cut-off of 50
kDa, by centrifuging it at 3000 rpm in a Sorvall RT 6000 D to ~ 1/50™ of its original

volume.
2.5.4 Affinity purification using a HiTrap Mono Q® column

A 5-ml cationic-exchange colum, HiTrap Mono Q" (Amersham Pharmacia,
Pollards Wood, Bucks, UK), was pre-equilibriated by washing it with > 10 column
volumes of high—salt buffer (20 mM Tris-HCI pH 8.0, 1 M NaCl, filter sterile) and >
10 column volumes of low—salt buffer (20 mM Tris-HCI pH 8.0, filter sterile) using a
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peristaltic pump at 2 ml/min. Concentrated, amylose—purified protein (see section
2.5.3) was diluted 10—fold in low—salt buffer and loaded onto the column at 1 ml/min.
The column was washed with > 10 column volumes of low salt buffer and then a
range of increasingly concentrated salt buffers in this order; 100 mM, 200 mM, 300
mM, 400 mM, 600 mM and 1M NaCl. The 600 mM salt buffer eluted the tubulin so
this fraction was concentrated using an Amicon centrifuge filter (Millipore), with a
molecular weight cut-off of 50 kDa, by centrifuging it at 3000 rpm Sorvall RT 6000 D
to ~ 1/50™ its original volume. Buffer exchange was formed on the sample by both
dilution and re-concentration using an Amicon centrifuge filter as described above or
by dialysis. Dialysis was conducted as described in section 2.5.5. The freshly
buffered sample was divided into pre-chilled eppendorf tubes and snap—frozen in

liquid N> before being stored at -70°C.
2.5.5 Buffer exchange using dialysis

Dialysis tubing (Sigma-Aldrich) with a molecular weight cut-off of <36 kDa
was soaked in boiling dH,O for 10 min. Crocodile clips were used to seal both ends
of the tubing once the purified protein sample (< 30 ml) was pipetted in. The dialysis
sample was transferred to an ice-cold 5-1 solution of 20 mM Tris-HCI, pH 7.4, with

constant stirring and left overnight at 4°C.
2.5.6 Determination of recombinant protein solubility

In order to determine the solubility of the recombinant proteins produced by
the pET-Duet al/B-tubulin construct, 400 ml of cells obtained as described in section
2.52 were resuspended in 10 ml cold MME buffer (0.1 M 2-(N-
morpholino)ethanesulfonic acid (MES) pH 6.9, | mM MgCl, and 1 mM EGTA) with
one complete mini protease inhibitor cocktail tablet (Roche) added. The cells were
lysed by 2-3 passages through a pre-cooled French pressure cell at a pressure of 1500
psi. The lysate was spun in a polypropylene tube using a pre-cooled SS-34 rotor at
4°C, 17,000 rpm (35,000 x g) for 1 h. Small particulate matter was further removed
by syringing the supernatant through a 0.2 uM filter (Millipore). The supernatant was
transferred to a cold falcon tube and the insoluble fraction was resuspended in 10 ml
cold MME buffer. The sample was spun at 18,000 RPM for 10 min 4°C. This wash

step was done twice. The insoluble fraction was finally resuspended with 10 ml cold
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MME bufter so as to be in equally diluted as the supernatant. The samples were then

prepared for resolution on a SDS 10%-PAGE as described in section 2.4.2.
2.5.7 Isolation of tubulin-containing inclusion bodies

Tubulin-containing inclusion bodies were isolated by a method adapted from
Jang et al (2008). Briefly, E. coli cells containing either the pET-11a-tubulin or pET-
16b-tubulin vector were induced to produce the tubulin protein as detailed in section
2.5.2. The frozen pellet was resuspended in ~ 20 ml Tris buffer (20 mM Tris-HCI pH
8.0) with 2 “mini complete” inhibitor cocktail tablets added. The resuspended cells
were lysed with two passages at 4°C through the French pressure cell. The lysate was
clarified by centrifuging it at 17,000 rpm (35,000 x g) at 4°C for 1 h using a SS-34
rotor. The supernatant was discarded and the pellet was washed using 40 ml of
isolation buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl and 2% (v/v) Triton X-100)
followed by centrifugation at 10,000 rpm (11,950 x g) at 4°C for 10 min. This wash
step was repeated twice. The pellet, which was almost exclusively tubulin, was either

refrozen at -20°C or used immediately.
2.5.8 Solubilisation and renaturation of insoluble tubulin

Two separate strategies were used to denature and renature insoluble tubulin
that had been isolated in section 2.5.7; a biological approach using a rabbit
reticulocyte lysate mixture to provide molecular chaperones and a chemical approach
using a urea gradient. The biological method used native-like tubulin produced from
the pET-11a-tubulin vectors while the chemical method used hexahistidine-tagged

tubulin produced from the pET-16b-tubulin vectors.

2.5.8.1 Solubilisation and renaturation of insoluble tubulin using rabbit
reticulocyte lysate

This experiment was assisted by Miss Sara Leddy as part of her 4t year
research project. The tubulin inclusion bodies isolated in section 2.5.7 were
solubilised in 40 ml of concentrated urea buffer (0.02 M Tris-HCI pH 7.5, 10 mM 2-
mercaptoethanol, 7.5 M urea) based on the technique described by Shah ez a/ (2001)
(Shah et al. 2001). Tubulins were concentrated to 35 pug/ul by centrifugation with a
30-kDa Amicon filter (Millipore) at 3,000 rpm, 4°C and stored at -75°C until further
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use Sorvall RT 6000 D. A refolding mixture of 100 ul crude rabbit reticulocyte lysate
(Pel-Freez Biologicals, Rogers, AR, U.S.A) and 11 pl of refolding buffer (0.4 M 2-
(N-morpholino)ethanesulfonic acid (MES) pH 6.8, 0.1 M KCI, 5 mM GTP, 0.5 M
trimethylamine oxide (TMAQ)) was prepared on ice. Approximately 1.7 pl (~60 pg)
of al-tubulin and ~4.25 pl (~148 ng) of B-tubulin were added to the refolding mixture
with rapid mixing. The solution was incubated at 30°C for 1 h. The sample was then

snap frozen using liquid nitrogen for later use.

2.5.8.2 Solubilisation and renaturation of insoluble tubulin by metal-affinity
chromatography

Each tubulin protein was refolded in a separate but identical experiment using
this procedure. The tubulin—rich pellets isolated in section 2.5.7 were solubilised in
40 ml of concentrated guanidine hydrochloride buffer (20 mM Tris-HCI pH 8.0, 6 M
guanidine hydrochloride, 300 mM NaCl, 5 mM imidazole and 1 mM 2-
mercaptoethanol). The solubilised tubulin was incubated at room temperature with
gentle stirring for 30 min. The solution was centrifuged at 14,150 rpm (23,700 x g),
4°C for 10 min. The supernatant was recovered and filtered through a 0.45 pM
syringe filter. The supernatant containing either Hisj;-al- or Hisj;-B-tubulin was
loaded onto a Ni**—charged column (Amersham Pharmacia) pre-equilibrated with 3
column volumes of binding buffer (6 M guanidine hydrochloride, 20 mM Tris-HCI
pH 8.0, 300 mM NaCl, 5 mM imidazole and 1mM 2-mercaptoethanol) at 1 ml/min
using a peristaltic pump. The column was washed with 10 column volumes of binding
buffer and then 10 column volumes of washing buffer (20 mM Tris-HCI pH 8.0, 6 M
urea, 300 mM NaCl, 20 mM imidazole and 1 mM 2-mercaptoethanol) at 2 ml/min.
The bound protein was then renatured on the column by using a gradient of 6 M to 0
M urea over a period of 100 min with a flow rate of | ml/min, starting with wash
buffer and ending with refolding buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, 20
mM imidazole and 1mM 2-mercaptoethanol) using an Akta FPLC (GE Healthcare
Biosciences, Uppsala, Sweden). After the gradient was completed, the column was
washed with 5 column volumes of refolding buffer and eluted using 10 column
volumes of a concentrated imidazole buffer (20 mM Tris-HCI pH 8.0, 300 mM NacCl,
0.5 M Imidazole and 1 mM 2-mercaptoethanol). The dilute tubulin sample was
concentrated to ~5 ml using a 30-kDa Amicon centrifuge filter (Millipore) by
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centrifuging it at 3,000 rpm, 4°C. The sample was then dialysed as detailed in section
3255,

2.5.9 Partial removal of the MBP tag from the fusion tubulins by an

endonuclease

The MBP fusion tubulin proteins were produced using either the pMAL-c2X
vector which incorporated a factor Xa (New England Biolabs) endoprotease site (I(E
or D)GR) or the pMAL-c2G vector which incorporated a genenase I (New England
Biolabs) endoprotease site (PGAAHY). A range of slightly varied conditions were

used to improve the cleavage efficiency of these enzymes.
2.5.9.1 Attempted cleavage of the fusion tubulins with factor Xa

Purified tubulin (as described in section 2.5.3 and 2.5.4) was digested with
factor Xa using a range of conditions to optimise the cleavage reaction.
Approximately 100 pug of tubulin (MBP-al, MBP-B or a mixture of MBP-al/p) was
digested with 2 units of factor Xa from 0 — 24 h at 4°C and 37°C in the cleavage
buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 5 mM CaCly; filter sterilised).

2.5.9.2 Attempted cleavage of the MBP-fusion-tubulin while attached to an

amylose column

Previous attempts to cut the MBP-tag from the MBP fusion proteins using
factor Xa proved difficult as there appeared to be non-specific breakdown due to the
enzyme cutting at an unknown site somewhere on the tubulin protein (personal
communication with Dr. Brian Fennell). To minimise the protein breakdown, factor
Xa was added to MBP-B-tubulin while it was still on the amylose column. Briefly,
200 ml of culture producing MBP-fB-tubulin was lysed as outlined in section 2.5.3 and
was loaded onto a 2-ml amylose column and extensively washed. The buffer
covering the amylose resin was removed except for ~1 ¢cm. Sixty ul (120 units) of
factor Xa were mixed with 1.8 ml of factor Xa cleavage buffer and slowly added on
top of the amylose resin. The solution was allowed to seep into the resin by releasing
fluid from the base of the column. The column was stored at 4°C for 20 h. The
column was refilled with ~5 ml of amylose column buffer and washed with a further

25 column volumes but only the first 10 ml were collected which should contain the
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cleaved samples and factor Xa only. The remaining protein was eluted with 50 ml of
10 mM maltose solution. This fraction should contain uncut protein and MBP and
was collected for analysis. The column was regenerated as described in section 2.5.3.
The diluted samples were concentrated by centrifugation at 3,000 rpm, 4°C with an
Amicon centrifuge filter and were prepared for analysis by SDS-PAGE (section
24.2).

2.5.9.3 Attempted cleavage of the MBP-al-tubulin while attached to an amylose
column

An attempt was made to remove the MBP tag from MBP-al-tubulin using the
same method as described in section 2.5.9.2 with a few exceptions. Fifteen ul of
genenase [ (1 pg/ul) was diluted into ~2 ml of genenase I cleavage buffer and loaded
onto the column instead of factor Xa. The experiment was conducted at room
temperature for 24 h. Ten fractions of 20 pl were captured in pre-chilled eppendorf

tubes and were analysed on a SDS-PAGE as described elsewhere (section 2.4.2).
2.5.94 Removal of the MBP tag from the fusion proteins using genenase I

Purified tubulin (as described in section 2.5.3 and 2.5.4) was digested with
genenase | using a range of conditions to optimise the cleavage reaction; 10-100 ug
of tubulin fusion protein, 0.05 pg — 10 pg genenase I, 0 h — 168 h incubation time,
0.005% - 0.1% (w/v) SDS, 1% - 10% (v/v) 2-mercaptoethanol, 1 mM
phenylmethylsulphonyl fluoride (PMSF), 1 mM GTP at 4°C, 22°C or 37°C. A
standard reaction was set up using 50 pg fusion tubulin, 1 pg genenase, 0.005% (w/v)
SDS, 1% (w/v) 2-mercaptoethanol, 1 mM PMSF in a total volume of 50 ul. The
reaction was usually conducted at either 4°C for a maximum of 168 h or 22°C for a

maximum of 24 h. Samples were prepared for analysis by SDS-PAGE (section 2.4.2).
2.5.9.5 Removal of the MBP tag from the fusion proteins using enterokinase

Purified tubulin (as described in section 2.5.3 and 2.5.4) was digested with
enterokinase (NEB) over a range of conditions; 4°C, 22°C and 37°C for 0-24 h using
half, double or recommended protease concentrations in the standard cleavage buffer
(20 mM Tris-HCI pH 7.4, 50 mM NaCl, 2 mM CaCl.,). Samples were prepared for
analysis by SDS-PAGE (section 2.4.2).
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2.6 FUNCTIONAL ANALYSIS OF RECOMBINANT TUBULINS

2.6.1 Assessment of dimerisation of the recombinant tubulins

The recombinant tubulins monomers were mixed together in equal molarity to
promote dimerisation. Tubulin monomers and MBP were used as negative controls.
Bovine brain tubulin was used a positive control. All samples had GTP added (1 mM

final concentration) and were incubated on ice for 30 min before use.
2.6.2 Glutaraldehyde crosslinking of the tubulin fusions

A 1% solution of glutaraldehyde was prepared to determine if the recombinant
al- and B-tubulins could dimerise. Bovine brain tubulin (Cytoskeleton Inc., Denver,
CO, USA) was used a positive control while MBP served as negative control. The
samples were prepared for dimerisation as described in section 2.6.1 with the
exception that some samples had 2-mercaptoethanol (1% (v/v) final concentration)
added during the dimerisation step to prevent non-specific cross-linking through
cysteine residues. A 25-ul reaction solution was set up using 1 pl of the protein
sample (5 pg/ul), 4 ul GTP (6 mM), 2.5 ul glutaraldehyde (1% (v/v)) and 17.5 ul
GPEM buffer (5% (v/v) glycerol, 80 mM Piperazine-1,4-bis(2-ethanesulfonic acid)
pH 7.4, 1 mM EGTA and 1 mM MgCly). The reactions progressed for 0-2 h with
samples being terminated at different time intervals by addition of 2.5 pl Tris-HCI (1
M, pH 7.4) and subsequently boiled for 10 min. Samples that were taken at O h had
Tris-HC1 added before the glutaraldehyde to prevent any non-specific reactions. The
samples were analysed by 5% or 7.5% polyacrylamide SDS-PAGE as outlined in

section 2.4.2.

2.6.3 SEDIMENTATION ASSAYS FOR TUBULIN POLYMERISATION
2.6.3.1 Tubulin sedimentation assay for purified recombinant protein

Recombinant tubulin were assessed for their ability to polymerise and
sediment under particular conditions when centrifuged (see Fig. 3.17). Briefly,

samples were prepared for dimerisation as described in section 2.6.1. A 50—ul sample
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made up with GPEM buffer was prepared with either recombinant tubulin or bovine
brain tubulin (10 pM final protein concentration) and GTP (2.5 mM final
concentration). Two-point five pl of Taxol (9 mM) dissolved in DMSO were added
to each of the samples before centrifugation at 18,000 rpm (38,828 x g), 4°C for 1 h
using a pre-cooled SS-34 rotor with Sorvall 408 adapter cones. The supernatant was
transferred to a new eppendorf tube which was incubated at 37°C for 1 h. The pellet
was washed with 100 pl cold GPEM buffer and centrifuged at 18,000 rpm (38,828 x
g) for 10 min to remove residual soluble protein. The pellet was resuspended in the
same volume from which it was sedimented using GPEM buffer and an equal volume
of 2X SDS sample loading buffer was added (see section 2.4.5). The supernatant was
centrifuged at 18,000 rpm (38,828 x g), 37°C for 1 h using a SS-34 rotor. The
supernatant was removed and an equal volume of 2X loading buffer was added (see
section 2.4.5). The pellet was washed with 500 pl warm GPEM buffer as described
above. The pellet was resuspended in the same volume from which it was sedimented
using GPEM buffer and an equal volume of 2X SDS sample loading buffer was added
(see section 2.4.5). All of the samples were boiled at ~100°C for 10 min after the

addition of the reducing buffer.
2.6.3.2 Sedimentation assay for tubulin refolded with rabbit reticulocyte lysate

One ml of the refolded tubulin (as described in section 2.5.8.1) was added to
one ml of GPEM buffer. The solution was concentrated to ~500 pl by centrifugation
at 3,000 rpm using an Amicon centrifugal filter (30-kDa molecular weight cut—off).
The sample was spun at 400,000 x g, for 15 min at 4°C in a Beckman ultracentrifuge
using a TL 100 rotor to remove aggregated protein. The supernatant was incubated at
37°C for 60 min in the presence of taxol (20 uM final concentration). The pellet was
resuspended 30 ul PBS. The supernatant was centrifuged at 37°C for 15 min at
20,000 x g using a pre-warmed SS-34 rotor. The pellet was washed in warm GPEM
buffer to prevent any residual soluble protein clinging to sides of the eppendorf tube.
A second centrifugation was conducted using the same conditions as described. The
supernatant was discarded and the pellet was resuspended in cold polymerisation
buffer with vinblastine (final concentration 100 M) for one hour while on ice. The
sample was then centrifuged at 4°C for 15 min at 20,000 x g using a SS-34 rotor. The

supernatant was removed and the pellet was washed using cold GPEM buffer. The
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pellet was centrifuged as before to remove any residual protein. Samples taken during

the procedure were mixed with 2X loading buffer and boiled for 10 min.

2.7 ANALYSIS OF THE ELECTROPHORETIC BEHAVIOUR OF
TUBULINS IN P. FALCIPARUM

Bryan and Wilson originally labelled the two tubulin subunits, a and [, based
on their mobility through a urea-polyacrylamide gel, with the slower migrating
protein being designated o (Bryan and Wilson, 1971). However, it has been observed
in many species that the migration of the tubulin subunits flip, a phenomenon called

“a/P inversion™.
2.7.1 Investigation of the “a/p inversion” of Plasmodium falciparum tubulins

Full length wild type and altered tubulins were generated as described in
section 2.5.2. Equal amounts of whole cell extract were loaded onto a SDS-

polyacrylamide gel and electrophoresis was conducted as described in section 2.4.2.
2.7.2 Comparisons of tubulin sequences by alignment studies

Multiple amino acid sequence alignments, from a broad range of eukaryotic
organisms, were conducted for a- and B-tubulin using an online program, T-coffee

(http://www.ebi.ac.uk/Tools/t-coffee/). Sequences were only used if the a- and -

tubulins had been clearly identified by an appropriate technique (e.g. western
blotting). The amino acid sequences were obtained from the PubMed database

(www.ncbi.nlm.nih.gov/sites/entrez) and their accession numbers are shown in Table

2.3. The alignments were colour coordinated to represent the types of amino acids.
2.8 INVESTIGATION OF THE PHOSPHOROTHIOAMIDATE BINDING
SITE ON P. FALCIPARUM TUBULINS

The binding site of phosphorothioamidates to tubulin has to date not been
elucidated. However, several putative sites have been suggested to exist on the
tubulins of other organisms which may or may not be relevant to the Plasmodium

species.

57



2.8.1 Molecular modelling of P. falciparum tubulins

The crystal structure of bovine brain tubulin (1TUB) served as a template for
the generation of a homology model for the Plasmodium tubulins. An older and less
well defined model of bovine brain tubulin, 1 TUB, was chosen over a newer model,
1JFF because it was more complete (e.g. the N-loop amino acids, 35-60, are present
on the a-tubulin). The homology modelling program, Molecular Operating
Environment (MOE 2008.10 release of Chemical Computing Group Inc., Quebec,
Canada) was used to generate a 3-D structure of the Plasmodium al- and B-tubulin.

The default settings were used.

2.8.1.1 Generation of molecular models for the dinitroanilines and

phosphorothioamidates

2-D structures of all the compounds used were drawn in Chemsketch

(ACDLabs, http://www.acdlabs.com/download/chemsketch). These structures were

imported to MOE, where they were the partial charges were assigned by Gasteiger
forcefield and energy minimised using the MMFF94x forcefield. The solvation
model used was the reaction field with a dielectric constant of 1 for the interior and 80
for the exterior. A stochastic conformational search was conducted whereby all
rotatabie bonds were reordered to generate the lowest energy conformation for the

molecules.

2.8.1.2 Alignment of the dinitroaniline and phosphorothioamidate molecular

models

The energy minimised models generated in MOE were superimposed on each
other using a “flexible alignment” function in MOE. The models randomly rotated to
achieve the best fit that satisfied a number of criteria; H-bond donor, H-bond
acceptor, aromaticity, polar hydrogens, LogP(octanol/water), molar refractivity,
partial charge, volume and exposure. The most similar alignments were used for
analysis. The other alignments were also examined, however, the differences between

similar alignments were minor and did not affect the analysis.
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Organism Tubulin Subunit |Gene Name |Accession Number
Plasmodium falcip arum al PFI0180w |XM 001351875

all PFD1050w |XM_001351490

B PF10 0084 | XM 001347333
Bos tawrus o Tub4a NM 001078158

B B-2A BC105401
Homo Sapiens o TUBAIA |[NM_006009

B TUBB2B |[NM 178012
Drosophila melanogaster o a-1 M14643

B-1 M20419

Ovis aries o TUBA4A  |FJ958352

B IN/A IN/A
Strongylocentrotus droebachiensis |o TUBALI AF465681

B N/A N/A
Sus scrofa o a-1 DQ225365

B I.E'I INM_001113696
Chlamydomonas reinhardtii o a-1 M11447

B B-2 M25919
Daucus carota o TBA AY007250

B B-2 U63927
Oryza sativa a a-1 711931

B B 133263
Zea mays o a-1 U05258

B B-1 X52878
Tetralhhymena thermophila a ATUI M86723

B BTU1 101415
Naegleria gruberi o a-1 X12561

B B X81050
T)ypanosoma brucei rhodesiense o a-1 XM_001218933

B B K02836
Toxoplasma gondii a a M20024

B B TGGT1_065490

Table 2.3 Tubulin sequences used in alignment studies. All sequences can be
found using PubMed/Nucleotide except 7. gondii B-tubulin which is hosted on
ToxoDB.



2.8.2 Tubulin sequence alignments

Amino acid sequences were aligned using an online program, ClustalW 2

(http://www.ebi.ac.uk/Tools/emboss/align). The sequences were obtained from the

PubMed database (www.ncbi.nlm.nih.gov/sites/entrez).

2.8.3 Development of tubulin ligand binding assays

To generate ligand binding data for the recombinant tubulins, two assays were
developed. Bovine brain tubulin (cytoskeleton) was used as a positive control to
assess the validity of these assays. All compounds used in these experiments were

previously dissolved in DMSO to a concentration of 10 mM or 20 mM.
2.8.3.1 Sulphydryl based tubulin-ligand binding assay

A sulphydryl assay, adapted from Roychowdhury ez al. (2000), was developed
to investigate tubulin ligand interactions. The tubulin proteins were prepared for
dimerisation as described in section 2.6.1. One — six uM (final concentration) of
tubulin or MBP was dissolved in MME buffer. Three-point eight ul of a tubulin
ligand (e.g. taxol) with a final concentration ranging from 0-200 uM were added to
the sample and incubated at 37°C for 30 min. The sample was transferred to a quartz
cuvette in a temperature controlled Shimadzu UV-1601 PC spectrophotometer
(Shimadzu Scientific Instruments Inc., Maryland, U.S.A) which was set at 37°C. The
reaction was started by the addition of 9.5 pl of 4 mM 5,5'-dithiobis(2-nitrobenzoate)
(DTNB) (final reaction volume 380 ul). The sample was read every second for 1 h at
412 nm.

2.8.3.2 Fluorescence quenching—based tubulin-ligand assay

A fluorescence quenching—based assay was adapted from Gupta ez al. (2002)
to determine the binding equilibrium of tubulin ligands. Tubulin samples, MBP or
tryptophan were prepared as described in section 2.6.1. The final concentration for
the tryptophan samples was either 2.4 uM or 3.6 uM. The final concentration for the
tubulin and MBP samples was either 0.15 uM or 0.3 uM. Five ul of a tubulin ligand
(with a concentration from 0 — 20 mM) was added to the sample (final volume 500 pl)

and the mixture was incubated at 37°C for either 5 or 30 min. The sample was
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transferred to a thoroughly cleaned luminescence cuvette (Perkin Elmer) and was read
using a spectrofluorimeter (PerkinElmer LS-50B, Waltham, MA, USA). The
excitation and emission wavelengths were 280 nm and 300-400 nm respectively and
both had a 4-nm slit size. The absorbance of the sample was measured using a
spectrophotometer (Shimadzu Scientific Instruments Inc.). The sample was scanned
every 0.5 nm from 280 nm — 400 nm. The non-specific quenching of the tryptophans
due to different ligand concentrations were corrected by using control samples (MBP
and N-acetyl-tryptophanamide) and determining the inner filter effects according to
the Lakowicz equation, Fcor = Fopsantilog[(Aex + Aem)/2] (Where Feor is corrected
fluorescence, F..s is observed fluorescence, A.c is absorbance at the excitation
wavelength and A, is absorbance at the emission wavelength) (Lakowicz, 1999).
The dissociation constant (K4) was determined using the following equation; Fma(£0-
F) = 1+KqL¢ (Acharya et al., 2008). L represents the free ligand equilibrium
concentration in the reaction mixture and was determined by L= C — X [Y]. C
represents the total concentration of ligand in the sample and Y is the molar
concentration of ligand-binding sites. One high affinity binding site was assumed for
all the calculations. The fraction of binding sites (X) occupied by a ligand were
determined using the equation X = (F,-F)/Frmax, where F, is the corrected fluorescence
intensity of tubulin in the absence of a ligand, F is the tubulin fluoresence in the
presence of a ligand and F.,« was calculated by plotting 1/(F,-F) vs. 1/[ligand] and

extrapolating 1/[ligand] to zero.
29 ADDITIONAL ANALYSES OF THE SYNTHETIC
PHOSPHOROTHIOAMIDATE AND RELATED COMPOUNDS

Sixty-eight mostly novel compounds related to amiprophosmethyl (APM)
were generated by Mrs. Christine Mara in the Dept. of Medicinal Chemistry, Royal
College of Surgeons in Ireland (RCSI). All of these compounds were initially
dissolved in DMSO (10 mM — 20 mM) as they displayed only partial aqueous
solubility. Measurement of the inhibition of the parasite growth by these compounds

is described in section 2.2.2.
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2.9.1 Solubility determination of the synthetic compounds

A spectrophotometric assay was developed to determine if a compound was
still in solution by recording the turbidity of the sample using an infrared spectrum
(700 nm — 900 nm). None of compounds could absorb strongly this at wavelength.
Therefore, only insoluble compounds physically reflected the light by forming a
cloudy suspension in the solution. A standard assay was prepared by using an
eppendorf tube with 5 pul of a compound (0 — 20 mM) and 495 pl of MME buffer.
This solution was incubated at 37°C for 5 min and transferred to either a quartz or
luminescence cuvette. The sample was scanned every 1 nm over a range of 700 — 900

nm.
2.9.2 Predicted hydrophilicity (clogP) of the compounds

The cLogP is an estimate of the likely octanol/water partition co-efficient and
was predicted using the formula, Log Pocywar = Log([Solute]octanol/[ Solute Jdeionised water)-
Chemsketch (ACDLabs, http://www.acdlabs.com/download/chemsketch) was used to

draw the structures and to generate the cLogP values.

61



Chapter 3

Improved Recombinant Expression, Purification and
Functional Analysis of P. falciparum Tubulins and

Development of a Ligand-Tubulin Binding Assay



3.1 INTRODUCTION

Plasmodium tubulin represents a possible novel target for the development of
antimalarial compounds. To date the majority of work with microtubule inhibitors
was done using cultured parasites, in particular, determining their minimum
concentrations needed to inhibit the parasite growth by 50% (ICso) and also
examining the effects of these ligands on the architecture of the microtubule
containing structures (Bell A., 1998, Dieckmann-Schuppert ez al., 1990, Fennell et al.,
2003, and Fennell et al, 2006). Only a limited amount of information exists for
Plasmodium tubulin with respect to in vitro biochemical studies, a situation in stark
contrast to that for mammalian organisms. The main reason for this discrepancy is
the ease with which tubulin can be purified from mammalian cells in comparison with
Plasmodium parasites. The procedure for purifying tubulin from microtubule-rich
sources, such as bovine brain, was first achieved over four decades ago by
Weisenberg et al., 1968 (Weisenberg et al., 1968). This was accomplished by the
unique ability of tubulin to be sedimented when differentially centrifuged at 40,000 x
g depending upon the conditions used (Kumar 1981). At 4°C and in the presence of
Ca’" ions in vitro, tubulin exists primarily as soluble dimers that remain in the
supernatant after centrifugation. Conversely, it can rapidly assembly into polymers at
37°C in the presence of GTP and Mg’ ions, in which case it can be readily
sedimented. Repeating this cycle of assembly and disassembly permits the isolation
of tubulin. This technique has also been successfully employed using several species
of the protozoan parasite, Leishmania, such as L. mexicana amazonesis, L. donovani
and L. tarentolae (Werbovetz et al., 2003, Werbovetz et al., 1999 and Yakovich et al.,
2006). In these parasites, tubulin can represent >10% of the total cellular protein
content (Bell A., 1998). However, in the case of tubulin-poor organisms such as P.
falciparum, this cycling method is not conducive to tubulin isolation due to the
prerequisite of a “critical concentration” for tubulin polymerisation. Furthermore,
over-expression of tubulin genes in the parasites is unlikely to be successful due to the
fact that this protein is highly regulated and would probably be toxic to the organism
if its concentration were not controlled.

Expression of recombinant tubulin offers the potential to generate large
quantities of the protein but also permits the option of including an affinity tag (e.g.

His-tag or MBP-tag) to assist the isolation procedure. Furthermore, recombinant
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tubulin can be readily altered genetically, which can be exceedingly difficult using
native tubulin. Since eukaryotic organisms use a specific chaperone system (i.e.
CCT) to correctly fold tubulin, they would logically be the first choice for a surrogate
organism for generating functional tubulin (Lewis et al., 1997). However, the
presence of endogenous tubulin could inextricably contaminate the recombinant
protein. Furthermore, over-expression of tubulin in Saccharomyces cerevisiae was
not successful as it was lethal or was not accumulated in the cell (Burke et al., 1989).
Therefore, bacterial cells have been used to generate recombinant tubulin.
Bacillus brevis was employed before to secrete recombinant P. falciparum B-tubulin
but it was unfortunately impossible to purify the recombinant protein (Bell et al.,
1995). Commonly, tubulin is expressed in the cytosol of £. coli but a common issue
with over-expressing foreign eukaryotic genes in a bacterium is mis-folding of the
protein and the subsequent generation of insoluble aggregates called inclusion bodies.
These inclusion bodies are composed almost solely of non-functional tubulin.
Previously, some groups have been able to successfully denature these inclusion
bodies (typically with urea) and refold them using either a biological approach, i.e.
employing the eukaryotic chaperones in rabbit reticulocytes to specifically renature
the protein (Yaffe et al., 1988 and Shah er al., 2001) or a chemical approach, i.e.
removing the denaturant so that spontaneous refolding of the protein can occur (Koo
et al., 2009, Lubega et al., 1993, Wampande et al, 2007 and Oxberry et al., 2000). It
has been possible to generate soluble tubulin which retains at least partial
functionality by attaching a MBP-affinity tag (Fennell ef al., 2006, Giles et al., 2008
and Holloman et al., 1998). The exact mechanism by which MBP is able to enhance
the solubility of its partner protein is unclear. However, it has been suggested that it
may act as a general molecular chaperone which prevents an aggregation-prone fusion
protein from self-associating (Fox e al., 2002). Alternatively, the translation of a
hydrophilic partner at the N-terminus may dictate the solubility of the entire fusion
protein (MacDonald et al, 2003). E. coli does not possess the tubulin folding
chaperone system, CCT, but a homologous system, GroEL, can act as a substitute
producing a reduced amount of assembly-competent tubulin (Phadtare et al., 1994).
Furthermore, MBP-fusion tubulins appear to be at least partially folded correctly as
they were able to co-polymerise with bovine brain tubulin and bind known tubulin
inhibitors specifically (Fennell ez al., 2006, MacDonald et al., 2004 and Holloman et

al., 1998). In order to build upon the previous work of Fennell ez al., (2006), several
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experiments were employed here to better characterise the functionality of the
recombinant fusion tubulins. Furthermore, the work of Fennell et al., (2006) on
ligand tubulin binding was limited to determining whether or not the dinitroaniline,
trifluralin could bind to the protein or not. Considering that a number of reliable and
well established tubulin-ligand-binding assays exist, it seemed prudent to advance this
early work to cover a larger number of potential tubulin binding compounds. The
dinitroanilines and phosphorothioamidates are particularly interesting as they have
demonstrated a preferential affinity for parasite tubulin over mammalian tubulin
(Fennell et al., 2006, Werbovetz et al., 2003, Bell. A., 1998, Dow et al., 2002,
Morrisette et al., 2004, Wu et al., 2006 and George et al., 2007). Therefore, the main
aims of the work described in this chapter were to generate, if possible, assembly-
competent recombinant tubulin in £. coli and to develop a reliable tubulin-ligand-
binding assay for the examination of herbicides, their derivatives and other

compounds.

3.2. RESULTS

3.2.1 RECOMBINANT PRODUCTION OF P. FALCIPARUM al-TUBULIN,
alI-TUBULIN AND B-TUBULIN

3.2.1.1 Expression and attempted MBP tag removal from the tubulin fusions

using factor Xa

N-terminal MBP-tagged al- and B-tubulin were previously generated by over-
expressing the recombinant proteins in £. coli TBI1, a strain that lacks endogenous
MBP. These proteins were soluble although they were not demonstrated to co-
assemble with each other (Fennell ef al., 2006). It was considered possible that the
MBP could sterically hinder the tubulins from dimerising and/or subsequently
polymerising, so an attempt was made to remove this tag.

The generation of the pMAL-c2X-al- or —B-tubulin construct had a specific
recognition site for factor Xa present between the MBP tag and the tubulin (see Fig.
3.1 A). Therefore, this would allow the separation of the tag from the tubulin after the
purification step, generating native-like tubulin. An initial effort to remove the MBP

tag from the fusion proteins was previously unsuccessful due to the generation of
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Fig. 3.1. Schematic representation of the factor Xa cleavage site on the pMAL-
¢2X construct (Panel A) and the resolution of an elution fraction from the in-
column cleavage of MBP-f-tubulin with factor Xa while still attached to an
amylose column, analysed by Coomassie Blue-stained SDS 10%-PAGE (Panels B
and C). A. This diagram represents the factor Xa recognition site on the MBP-
tubulin fusions (IEGR). B. M, molecular weight marker (Roche). MBP-B-tubulin
was chosen for in-column cleavage with factor Xa to determine the effectiveness of
this method. The fusion protein was over-expressed in £. coli TB1 cells. These cells
were lysed and loaded directly onto the amylose column. The column was thoroughly
washed with column buffer and factor Xa was added (as described in section 2.5.9.2).
The column was left at 4°C for 24 h, after which the cleaved proteins were washed off
with column buffer (Lane 1.). Uncleaved proteins were later eluted with maltose
(data not shown). C. To improve the purity of the wash fraction (B. Lane 1), the
sample was re-run over a clean amylose column and cleared proteins washed off in

the same way (C. Lane 1).



numerous bands of <50 kDa (Fennell et al., 2006). This was despite the fact that
there appeared to be only one cleavage site for factor Xa on the tubulin fusions.
Therefore, it was possible that this tubulin degradation was caused by a non-specific
protease which co-purified with the MBP-fusion tubulins. In order to circumvent this
problem and reduce the concentration of contaminating proteins in the final yield of
MBP-free tubulin, factor Xa was incubated with MBP-B-tubulin immobilised on an
amylose column (as outlined in section 2.5.9.2). Therefore, applying wash buffer to
the column should only remove the cleaved tubulin protein and factor Xa. The uncut
MBP-tubulin and MBP should remain immobilised on the column.

The experiment was conducted at 4°C for 24 h to minimise breakdown caused
by the possible presence of non-specific proteases. Although the recognition site for
factor Xa is present on both fusion tubulins, MBP-B-tubulin was used for a trial to
determine if this method could be used to generate pure tag-free tubulin. The wash
fraction contained numerous proteins of varying sizes which were not identified but
were likely non-specifically digested tubulin, especially since these bands did not
appear in control samples that were stored under the same conditions (data not
shown). Bands corresponding to the predicted size of cleaved MBP and f-tubulin
were observed (Fig. 3.1 B), indicating that factor Xa probably did cut the fusion
tubulins at the specific recognition site highlighted in Fig. 3.1 A. In an attempt to
remove some of the contaminating proteins, including MBP and MBP-B-tubulin, this
wash fraction was reloaded onto a new amylose column. However, this did not
change the sample purity as the contaminating proteins also eluted with the B-tubulin
(Fig. 3.1 C). Therefore, it appears that MBP had lost its affinity for the amylose
molecule, possibly due to the presence of trace amounts of maltose in the sample or a
conformational change in the protein. Ion-exchange chromatography was also used in
an attempt to further isolate the cleaved B-tubulin. This was also unsuccessful due to

the inability to significantly improve the sample purity (data not shown).

3.2.1.2 Production of al-tubulin and B-tubulin using pMAL-c2G

[t was concluded that factor Xa could not be used to remove the MBP tag from
the tubulin fusion proteins as this endoprotease appeared to digest these proteins at
more than one site. Nonetheless, it was still perceived that specifically removing the

MBP tag from the tubulin fusions was an achievable goal. Therefore, two other
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commercially available pMAL vectors which have either enterokinase or genenase [
recognition sites present instead of the factor Xa site were investigated. To ensure
that these enzymes did not digest the fusion tubulins non-specifically, an initial
cleavage experiment was designed.

The MBP-tubulin fusions were produced and isolated using the pMAL-c2X

construct (outlined in sections 2.5.1 and 2.5.3). These fusion tubulin proteins were
incubated with either enterokinase or genenase I using the recommended conditions
as stated by the manufacturer in order to determine if these endo-proteases would
non-specifically digest the proteins (outlined in sections 2.5.9.4 and 2.5.9.5).
The tubulin fusion proteins were stable at room temperature (R.T.) for at least 24 h
(Fig. 3.2 A). Genenase I did not cleave the tubulin fusions as expected (Fig. 3.2 B).
Conversely, enterokinase degraded the fusion tubulins non-specifically at 22°C (Fig.
3.2 C) and at the recommended temperature of 37°C (data not shown for the 37°C
incubation). Based on these results, new constructs (pMAL-c2G-al-tubulin and
pMAL-c2G-B-tubulin) were generated which were identical to the original pMAL-
c2X constructs except that there was a genenase I recognition site present in the place
of the factor Xa site.

The pMAL-c2X constructs containing the tubulin genes were used as
templates for the PCR reaction. Both tubulin genes were cloned into the pMAL-c2G
vector using the restriction site for Snabl so that upon cleavage of the tubulin fusion
proteins by genenase I, there would be no additional amino acids (Fig. 3.3).

The tubulin genes were produced by using ‘“hot-start” PCR conditions to
minimise amplification errors (described in section 2.3.3) and were subsequently
inserted into the pMAL-c2G vector separately after being digested with appropriate
restriction enzymes. The clones were first transformed into the competent non-
expression E. coli strain, XL-1 blue. The pMAL-c2G vector encodes an ampicillin
resistance marker for isolation of putative transformants. Insertion of the tubulin gene
into the vector was detected by slower migration of the plasmids than the vector alone
on an agarose gel, and by PCR (Fig. 3.4). The genes were also sequenced to validate
the presence of the clones and to ensure that there were no errors (data not shown).

Tubulin fusion expression was controlled by a Ptac promoter which was
induced by IPTG. The E. coli expression strain TB1 was capable of over-expressing
the tubulin fusions, producing up to ~50 mg of recombinant protein per 1 of culture.

The apparent molecular weights of MBP-al-tubulin and MBP-B-tubulin as determined
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Fig. 3.2. Resolution of MBP-al- and -B-tubulin in the absence (A) or presence of
either genenase I (B) or enterokinase (C) proteases by SDS 10%-PAGE.
Samples shown in lanes 1-4 were incubated at 22°C with the recommended
concentrations of protease (when present). M. Molecular weight marker (Roche).
Lane 1) 0 h, 2) 3 h, 3) 6 h and 4) 24 h. The amylose-purified fusion proteins were
stable at 22°C for at least 24 h in the presence or absence of genenase I. However,
enterokinase non-specifically degraded the fusion proteins indicating the presence of

cryptic cleavage sites.
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Fig. 3.3 Schematics of the tubulin fusion protein with genenase I recognition site. Genenase I cleaves between the tyrosine at the end of its

cleavage site (blue residues) and the methionine (green residue) at the beginning of the tubulin leaving no extra residues.



Fig. 3.4. Visualisation of the PCR amplification of the al- and B-tubulin genes
and analysis of the pMAL-c2G-al clone on a 1% (w/v) agarose gel. M. DNA
marker X (Roche) in gels A and B. A: Lane 1) PCR amplification of al-tubulin and
2) PCR amplification of B-tubulin. The tubulin genes were amplified by PCR in
preparation for insertion into the pMAL-c2G plasmid. The al-tubulin gene is slightly
heavier than the B-tubulin gene (1.36 kb and 1.34 kb respectively) and migrated
slightly slower through the gel. B: Lane 1) pMAL-c2G linearised with Snabl, 2)
pMAL-c2G-al-tubulin linearised with Snabl 3) pMAL-c2G-B-tubulin linearised with
Snabl. The size of the linearised plasmids were as expected (pMAL-c2G vector =
~6.64 kb, pMAL-c2G-al-tubulin = ~8 kb and pMAL-c2G-B-tubulin = ~7.98 kb).



by SDS 10%-PAGE were 95.5 kDa and 99.5 kDa respectively, although the predicted
size is smaller for both proteins (92.9 kDa for MBP-al-tubulin and 92.36 kDa for
MBP-B-tubulin) (Fig. 3.5). The apparent molecular weights for al-tubulin and -
tubulin (~53 kDa and 57 kDa respectively: Fennell et al., 2008) have also been shown
to be different from their predicted molecular weight (~50.3 kDa and 49.8 kDa
respectively) but this will be discussed in more detail in chapter 5. The tubulin fusion
proteins were purified to near homogeneity with one purification step on the amylose
column. Jon exchange chromatography was conducted but since it did not
significantly increase the purity of the protein samples and decreased overall yields, it
was not used routinely (data not shown).

To confirm that factor Xa was responsible for the non-specific degradation of
the tubulins, it was incubated with the tubulin fusion proteins produced using the
pPMAL-c2G plasmid (which did not include a known recognition site for this
protease). Both MBP-al- and MBP-fB-tubulin were set up for the cleavage experiment
using the optimal digestion conditions for factor Xa as recommended by the
manufacturer (outlined in section 2.5.9.1). It was clear from the gel that factor Xa
digested the tubulin and that non-specific proteases were not the reason for the tubulin
breakdown observed before (Fig. 3.6).

Removal of the MBP tag from the fusion tubulins by genenase [ was
attempted using a number of different approaches. Cleavage of the MBP tag from the
MBP-al-tubulin by genenase [ was attempted using the recommended conditions: ~6
h incubation time at 22°C with 1 pg of enzyme for every 100 ug of protein (data not
shown). However, the cleavage reaction was inefficient so double the recommended
enzyme concentration (ratio of 1 pg genenase I : 50 pg tubulin fusion protein) and a
longer incubation time (24 h) was used. The samples were incubated at R.T. and
examined using denaturing polyacrylamide gels (Fig. 3.7). From the gels it became
clear that some free tubulin was produced although the reaction was inefficient. Also,
more MBP seemed to be produced than free tubulin. It was possible that the extended
incubation time caused some of the tubulin which was freed from the MBP tag to be
degraded by non-specific proteases.

Since the cleavage reaction was inefficient, the experiment was set up on an
amylose column to maximise the amount of cleaved protein (described in section
2.5.9.3). Briefly, lysed E. coli cells, which had over-expressed the MBP-a-tubulin

fusion protein, were loaded onto a 2 ml amylose column. This column was
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thoroughly washed with column buffer to remove any unbound protein. The amylose
column was almost completely drained of solution. Two ml of genenase I, diluted
into its cleavage buffer, were added to the column and allowed to soak in. The
column was incubated for 24 h at 22°C. Four fractions of 500 ul of unbound protein
were collected when the column was washed. Analysis by SDS 10%-PAGE
determined that some of the tubulin was excised by the enzyme, although the amounts
were low (Fig. 3.8 A). Also, there appears to be a disproportionate amount of MBP
compared to cleaved al-tubulin. This may be explained by some of the tubulin
degrading non-specifically. This was later confirmed by use of a western blot which
highlighted two presumed breakdown products (Fig. 3.8 B). The presence of MBP-
al-tubulin and cleaved al-tubulin was expected but other unidentified breakdown
products appear which are not immediately obvious from looking at the Coomassie
stained gel only (Fig. 3.8 A).

This poor cleavage efficiency may be related to partial occlusion of the
enzyme recognition site (Holloman et al, 1998). Therefore, a range of low SDS
concentrations (0.0005% - 1%) were added to the cleavage solutions to determine if
the efficiency could be improved by partially denaturing the protein complex. A low
concentration of SDS (0.005%) produced the optimal cleavage conditions. Higher
amounts decreased enzyme efficiency, possibly by denaturing the enzyme, and lower
amounts were ineffective. The optimum cleavage conditions were different for the
two fusion tubulins. Generation of cleaved al-tubulin reached a maximum when a
ratio of 1:50 enzyme to tubulin was incubated at 22°C for 4 h. In contrast, MBP-f3-
tubulin required a much longer incubation period, ~96 h at 4°C with a ratio of 1:5
enzyme to tubulin (Fig. 3.9). However, a plateau of MBP-tubulin cleavage occurred
after which no more free tubulin could be generated. This was not related to the
enzyme being inhibited as addition of more enzyme did not improve the situation.
Aggregation of tubulin due to the formation of cystine bridges did not appear to be an
important factor either as varying the concentration of 2-mercaptoethanol proved
ineffective. Therefore, only a limited percentage of the tubulin sample could be
cleaved using this enzyme.

Overall, it was not possible efficiently to remove the MBP tag even with SDS
and subsequent attempts to further isolate the low amounts of cleaved tubulins by ion-
exchange chromatography were not successful, mainly due to poor improvement in

purity and a significant loss of protein yield. Since the MBP tag could not be
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Fig. 3.5. Resolution of the expression and amylose purification of the tubulin
fusion proteins MBP-al- (A) and MBP-$-tubulin (B) using the pMAL-c2G vector
by SDS 10%-PAGE. M. Molecular weight marker (Roche). Lane 1) Extract of £.
coli expressing the tubulin fusion protein, 2) MBP-tubulin fusion protein after
amylose-affinity purification. ~ 3 pg of purified MBP-al- and MBP-B-tubulin were
resolved on lane 2 of both gel A and B.
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Fig. 3.6. Resolution of undigested and digested fusion tubulin proteins MBP-al
and MBP-f, produced using the pMAL-c2G vector, by SDS 10%-PAGE. MBP-
al- and MBP-B-tubulin were incubated in the absence and presence of factor Xa to
determine if this enzyme was able to digest the tubulins at an unknown site. M. The
molecular weight marker (Roche). 1) MBP-al-tubulin 0 h, 2) MBP-al-tubulin
incubated alone at 37°C for 24 h, 3) MBP-al-tubulin incubated at 37°C for 24 h in the
presence of factor Xa, 4) MBP-B-tubulin 0 h, 5) MBP-B-tubulin incubated alone at
37°C for 24 h and 6) MBP-B-tubulin incubated at 37°C for 24 h in the presence of
factor Xa. Both MBP-al- and -B-tubulin demonstrated they were stable at 37°C for at
least 24 h by comparison to the control sample. However, in the presence of factor
Xa, significant digestion of the tubulin fusions was observed indicating that this

enzyme can digest the tubulins in spite of the absence of known cleavage sites.
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Fig. 3.7. Resolution of MBP-al-tubulin (A) and MBP-f-tubulin (B) purified as
described in section 2.5.3 by SDS 10%-PAGE in the absence and presence of
genenase I at 22°C for 24 h. M. Molecular weight marker (Roche). Lane 1) tubulin
fusion sample after 24 h in the absence of genenase I, 2) tubulin fusion sample after
24 h in the presence of genenase I (0.1 pug). Five micrograms of fusion protein were
loaded onto the gel but only a fraction of the tubulin fusion sample appeared to be
digested by genenase I.
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Fig. 3.8. Resolution of MBP-al-tubulin digested on-column in the presence of
genenase I (A) and a western blot of an identical gel highlighting the sample from
lane 3 (B). M. Molecular weight marker (Roche). Panel A: lanes 1-4) represent the
unbound protein eluted from the column using wash buffer. Each fraction consisted
of 500 pl, which represents the total volume of reaction solution (2 ml in total of
genenase | in cleavage buffer was initially loaded onto the column). B. Western blot
using an anti-al-tubulin antibody against an identical gel to A but only lane 2 is

shown.



Kba M 1 2 3
972

MBP- ul-tubulin
664
FS6__

Cleaved ol-tubulin
i Cleaved MBP
Mb
79
e e e

B

Kba 1 2 3

MBP--tubulin

(leaved f-tubulin

2.7 (leaved MBP

44

Fig. 3.9 Resolution of MBP-al-tubulin (A) and MBP-f-tubulin (B) cleaved with
genenase I in the presence SDS (0.005% final conc.) by SDS 10%-PAGE. M.
Molecular weight marker (Roche). A. Lane 1) MBP-al-tubulin (~5 pg) 0 h, 2) MBP-
al-tubulin alone incubated for 4 h at 22°C and 3) MBP-al-ubulin with genenase I (0.1
ng) incubated at 22°C for 4 h. B. Lane 1) MBP-B-tubulin (5 pg) 0 h, 2) MBP--
tubulin incubated alone at 4°C for 96 h and 3) MBP-B-tubulin with genenase I (1 pg)

incubated at 4°C for 96 h.



removed from the fusion tubulins, the proteins were used in subsequent experiments

with the tag still attached

3.2.1.3 Production of al/pB-tubulin and all/B-tubulin using the pET-Duet vector

The production of tubulin in E. coli is frequently problematic due to the
formation of insoluble protein. In native cells, tubulin seldom exists as a free
monomer so it seemed logical to try to co-express the proteins in the same cell as this
may enhance their solubility and functionality if they can dimerise.

The pET-Duet plasmid has two multiple cloning sites (MCS) which permit
the insertion of two separate protein-encoding genes on one plasmid. Both genes are
controlled by separate T7/ac promoters which are indirectly activated by the presence
of millimolar amounts of IPTG. Addition of fusion tags (an N-terminal His-tag or a
C-terminal S-tag) were possible, but were avoided as they may interfere with the
function of the final product.

B-tubulin was cloned first into the MCS-2 as this reduced the amount of
necessary cloning work, i.e. inserting B-tubulin into pET-Duet each time for both al-
tubulin and then again for all-tubulin. The cloning strategy is outlined in section
2.3.4 and diagrammatically explained in Fig. 3.10. Due to cloning limitations, the -
tubulin gene was inserted into the pET-Duet vector using both Aat/l and Xhol.
However, an upstream restriction site, Ndel, contains a start codon (ATG), which
meant that the f-construct was translated with an extra 14 amino acids. Several
attempts were made to remove the ATG start codon from the pET-Duet vector by
either restriction digestion or site-directed mutagenesis. However, the plasmid
became unstable and degraded into several bands of ~1000bp (data not shown). This
prevented removing the Ndel site and also preventing sequencing of the pET-Duet-
tubulin constructs. al- and all-tubulin were subsequently cloned into the pET-Duet-f3
construct using Rcal and BamHI restriction sites. The restriction enzyme Rcal
generates the same sticky ends as Ncol. Therefore, Rcal was used to digest the al-
and all-tubulin (Fig. 3.10). The presence of the tubulin genes in the pET-Duet
vector was confirmed using restriction digestion experiments and PCR (Fig. 3.11).

The pET-Duet-all/B-tubulin construct was also made. PCR amplification and
linearised DNA run on an agarose gel were used to determine the presence of both

genes (data not shown). Since the majority of work was already done using al-tubulin
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during this project (see section 3.2.1.2), the pET-Duet-all/f clone was not used
further. The pET-Duet-al/B-tubulin clone was transformed into £. coli BL21(DE3)
cells as described in section 2.3.6. These cells contain a chromosomal copy of the T7
RNA polymerase which is controlled by the T7/ac promoter and are also deficient in
the lon and ompT proteases. These cells were induced as described in section 2.5.2.
Induction of these cells caused the over-expression of at least one protein as judged by
SDS 10%-PAGE (Fig. 3.12 A). This band was thought to represent the tubulins (Fig.
3.12 A). This was subsequently confirmed by use of a western blot which detected
both the al- and B-tubulins (Fig. 3.12 C and D). The apparent molecular weights of
both al- and B-tubulin should be different enough for both proteins to separate clearly
on a denaturing polyacrylamide gel. al-tubulin has an apparent molecular weight of
~53 kDa (Fennell et al., 2008). The apparent molecular weight of f-tubulin produced
by this vector (which has 14 additional amino acids than the native protein) is ~ 58.5
kDa (Fig. 3.12).

To determine if the over-expressed tubulins were soluble or insoluble, a
culture containing the pET-Duet-al/B construct was induced using IPTG and the cells
were broken with a pre-cooled French Pressure® cell press as described in section
2.5.2 and 2.5.6 respectively. This method separated the proteins into two fractions,
soluble and insoluble. The sedimented fraction was resuspended in an equal volume
as the soluble fraction (the supernatant) with the same buffer so the relative protein
concentrations between the samples would be comparable. Equal volumes of both the
soluble and insoluble fractions were loaded onto the denaturing polyacrylamide gels.
It became apparent that the tubulins produced using this system was mostly insoluble
(Fig. 3.12 B). This indicated that the co-expression of these proteins did not make a
significant difference to their solubility.

A western blot using anti-al-tubulin antibodies (see Fig. 3.12 C) and anti-f3-
tubulin antibodies (see Fig. 3.12 D) was conducted using the soluble and insoluble
fractions that was resolved by the SDS-polyacrylamide gel in Fig. 3.12 B. These
western blots confirmed that both al- and B-tubulin were expressed. Furthermore,
significant degradation was observed for both proteins. The majority of al-tubulin
appeared to exist in the soluble fraction. However, for B-tubulin the majority
appeared to exist in the insoluble fraction, although some may have been soluble.

Overall, it was possible to co-express both the al- and B-tubulins in the same

cell. The solubility of the proteins varied: al-tubulin appeared to be relatively soluble
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Fig. 3.10. Schematic representation of the cloning process for inserting al-
tubulin, all-tubulin and B-tubulin genes into the pET-Duet vector. A. [-tubulin
was cloned into the pET-Duet vector first using both Aarll and Xhol restriction sites.
B. al-tubulin and all-tubulin were subsequently cloned into the pET-Duet- vector
using an enzyme generating cohesive ends compatible with the Ncol restriction site on
the vector, Rcal (C). This created a hybrid sequence that neither enzyme (Ncol or
Rcal) could recognise, therefore the forward restriction site for both a-tubulins was

removed.
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Fig. 3.11. Visualisation of pET-Duet constructs on 1% agarose gels. M, DNA
marker X (Roche). All sizes are listed in base pairs (bp). A. Lane 1) PCR
confirmation of al-tubulin in the pET-Duet-o/f construct. B. Lane 1) PCR
confirmation B-tubulin in the pET-Duet-a/ construct. C. Lane 1) uncut pET-Duet
and 2) uncut pET-Duet-al/B. Panel D. Lane 1) pET-Duet linearised with X7%ol
(~5420 bp) and 2) pET-Duet-al/p (~8210) linearised with Xhol. E. Lane 1) pET-
Duet partially linearised with AarIl and 2) pET-Duet-al/p partially linearised with
Aatll. F. Lane 1) pET-Duet cut with Xhol and Aatll and 2) pET-Duet-al/p cut with
Xhol and Aatll (~6872 bp). The PCR was used to show the presence of the tubulin
genes in the pET-Duet-al/B construct.  The restriction digestion experiment
demonstrated that both restriction enzymes only cut the pET-Duet vector and the
pET-Duet-al/pB vector once but also when used in combination could drop out a
fragment that equates to the size of the B-tubulin gene (1338 bp). Five ul of a 50 ul
total volume for the PCR product were loaded and ~250 ng of DNA were loaded for

the restriction experiments.
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Fig. 3.12. Visualisation of the production and solubility of tubulins from E. coli
BL21 (DE3) carrying pET-Duet-al/f by Coomassie Blue stained SDS 10%-
PAGE (A and B) and western immunoblots using anti-al-tubulin (C) and anti-p-
tubulin (D) antibodies. M. Molecular weight marker (Roche or Invitrogen). A.
SDS-polyacrylamide gel showing the expression of the al/B-tubulin proteins using the
pET-Duet-al/p construct. Lane 1) Uninduced E. coli BL21 (DE3) cells carrying pET-
Duet-al/B and 2) IPTG-induced E. coli BL21 (DE3) cells carrying pET-Duet-al/f.
One large band representing an over-expressed protein in lane 2 was observed. This
band was thought to be the tubulins. B. An induced E. coli sample was lysed and
centrifuged to separate the proteins into soluble and insoluble fractions. Lane 1)
Soluble protein fraction of and 2) insoluble fraction. The majority of the over-
expressed tubulin appeared to be insoluble. C. Western blot using anti-al-tubulin
antibodies of an identical gel to the one shown in panel B. Lane S) soluble fraction
and lane I) insoluble fraction. More al-tubulin was present in the soluble fraction
although at least two significant breakdown products were present. D. Western blot
using anti-f-tubulin antibodies for an identical gel to that shown in panel B. Lane S)
soluble fraction and lane I) insoluble fraction. Some B-tubulin was observed in the

soluble fraction, although the majority appeared to be insoluble.



but B-tubulin was almost completely insoluble. Therefore, it was considered unlikely
that these tubulins would be assembly-competent. However, some subsequent work

was done to determine if they could co-polymerise.

3.2.1.4 Refolding untagged tubulin by rabbit reticulocyte lysate

It was previously demonstrated that fully denatured bovine brain tubulin could
be correctly refolded and made competent to form normal microtubules by virtue of
the chaperone machinery present in rabbit reticulocyte lysate (RRL) (Yaffe et al.,
1988 and Shah er al., 2001). Based on this work, it seemed reasonable to assume that
these eukaryotic chaperones would also be capable of refolding the Plasmodium
tubulin produced as inclusion bodies in E. coli, considering that the tubulin folding
pathway is highly conserved.

These experiments were conducted with the assistance of Miss Sara Leddy.
The pET-11a constructs containing al-, all-tubulin and B-tubulin were generated
previously by Dr. Brian Fennell (Fennell, 2005). The tubulins were highly expressed
from cultures grown at 37°C but were completely insoluble (Fig 3.13 A) (outlined in
section 2.5.7). The insoluble proteins were relatively pure when compared to the
original lysate, which facilitated the use of the inclusion bodies without necessitating
further purification (Fig 3.13 B). Recombinant tubulin was refolded as described in
section 2.5.8.1

A sedimentation assay was set up to determine if the recombinant tubulins
were assembly-competent in the presence and absence of vinblastine (described in
section in 2.6.3.2). Due to the low yields of protein, it was necessary to conduct a
western blot on the samples from the sedimentation assay. This also confirmed the
presence of the tubulins. The B-tubulin antibody was determined not to cross-react
with the residual native rabbit tubulin in the RRL.

Samples were taken at various points during the experiment to determine the
presence of the tubulin (Fig 3.14). In group 1, the soluble fraction was heavily
smeared masking the presence of other bands. However, it was possible to observe a
band running at the expected size for B-tubulin (~57 kDa) in both the soluble and
insoluble fractions. This sedimented tubulin was perhaps still mis-folded. In groups
2 and 5, the majority of tubulin seemed not to polymerise as it remained in the soluble

fraction. However, in group 2 only, a faint band was present in the sedimented
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fraction possibly representing a small amount of polymerised tubulin (Fig 3.14 group
2 P). In group 3, this faint band was repeated in the soluble fraction indicating that
the tubulin was able to become soluble depending upon the temperature (Fig 3.14
group 3 S). This was not repeated with samples treated with the assembly inhibitor
vinblastine (Fig. 3.14 group 4 P and group 5 S) which suggests that the tubulin were,
as expected, unable to polymerise when the drug was added. Although this
experiment appeared to have worked, the amount of assembly-competent tubulin
generated was negligible (<<1 pg). These low amounts are not conducive to most
ligand-binding studies. A possible exception might be surface plasmon resonance but
even still a greater yield would likely be necessary. Therefore, other strategies to

generate recombinant tubulin were investigated.

3.2.1.5 Refolding His,-tagged tubulin while attached to a metal-chelate-affinity

chromatography column

To determine if a higher yield of assembly-competent tubulin could be
generated by chemical refolding, a method devised by Jang ef al., was used (Jang et
al., 2008). Briefly, the pET-16b-al-tubulin and pET-16b-B-tubulin constructs
(previously designed by Dr. Brian Fennell; Fennell, 2005) were used to over-express
His|;-tagged tubulins in the E. coli strain BL21 (Fig. 3.15 A). The inclusion bodies
were isolated as outlined in section 2.5.7 and washed once with detergent, and
consisted of almost pure tubulin (Fig. 3.15 B and C). In separate experiments, the
tubulin inclusion bodies were denatured using a urea solution and loaded onto a Ni*'-
chelate affinity column where they were exposed to a decreasing gradient of
denaturant, guanidine hydrochloride (outlined in section 2.5.8.2). The tubulins eluted
from the Ni**-chelate column were very pure (Fig 3.15 B and C). These proteins
were concentrated to a maximum of ~5 pg/ul where they were stored at -70°C for use

in subsequent experiments to determine their functionality (see section 3.2.2).
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Fig. 3.13. Expression of al-tubulin, all-tubulin and B-tubulin using the pET-11a
vector and the subsequent isolation of the tubulin-containing inclusion bodies.
M. Molecular weight marker (Roche). A. SDS 10%-PAGE of al-tubulin, all-
tubulin and B-tubulin from uninduced (U) versus induced (I) cultures. Lanes 1) pET-
11a-al-tubulin, 2) pET-11a-B-tubulin and 3) pET-11a-all-tubulin. B. SDS 10%-—
PAGE of the isolated inclusion bodies of al-tubulin and B-tubulin produced from the

pET-11a constructs. Lanes 1) insoluble al-tubulin and 2) insoluble B-tubulin.



p-tubulin

Tubulin breakdown

Fig. 3.14. A western blot stained with anti-B-tubulin antibody detecting the
probably refolded tubulin from the rabbit reticulocyte sedimentation assay. S,
soluble fraction and P, pellet. The different temperatures used are indicated where
necessary. + Vbl, vinblastine added (50 uM final conc.) Group 1. These samples
were obtained after ultracentrifugation (400,000 x g) of the rabbit reticulocyte lysate
at 4°C. Groups 2 and 4. These samples were obtained after centrifuging (20,000 x g)
the soluble fraction (S) from group 1 at 37°C in the absence (group 2) or presence
(group 4) of vinblastine (50 uM). Group 3 and 5. These samples were obtained after
centrifuging (20,000 x g) the 37°C sedimented (P) fraction in the absence (group 3) or
presence (group S) of vinblastine (50 uM) respectively. All samples were loaded at
5% their original volume except the “pellet” in group 2 which only ~1% was loaded.

This was due to lack of sample.



Tubulinj

Fig. 3.15. [Expression of His ;-al-tubulin and His;,-B-tubulin (A) and the
refolding of both proteins (B and C) as resolved by SDS 10%-PAGE. M.
Molecular weight marker (Invitrogen). For all samples unless otherwise stated, equal
volumes were loaded. A. Lane 1) pET-16b-al uninduced, 2) pET-16b-al induced
with 2 mM IPTG, 3) pET-16b-p uninduced and 4) pET-16b- induced with 2 mM
[PTG. Both of the tubulins were produced in high concentrations (Lanes 2 and 4). B.
Lane 1) A sample of the urea-denatured inclusion body fraction for Hisj;-al-tubulin
that was applied to the Ni*"-chelate column, 2) unbound protein fraction and 3) eluted
Hisg-al-tubulin (3 pg). C. Lane 1) A sample of the urea denatured inclusion body
fraction for His;o-B-tubulin that was applied to the Ni**-chelate-column, 2) unbound

protein fraction and 3) eluted His>-fB-tubulin (3 pg).



3.2.2 FUNCTIONAL ANALYSIS OF RECOMBINANT P. FALCIPARUM
TUBULINS

3.2.2.1 Examination of recombinant tubulin dimerisation by native PAGE

To determine if the recombinant tubulins could form heterodimers, the
proteins were separated under non-denaturing conditions on a polyacrylamide gel (as
outlined in section 2.4.3). Mammalian tubulin forms a distinctive ladder-like pattern
when separated by this method as a result of the formation of differently sized protein
oligomers (Sulimenko ez al., 2002). Tubulin monomers were compared with the
tubulin mixture that was prepared for dimerisation (described in section 2.6.1). Initial
experiments using the MBP-fusion tubulins revealed that the proteins could not enter
the separating region of the polyacrylamide gel (data not shown). This was thought to
have resulted, at least in part, from the non-specific crosslinking of the cystine
residues on both tubulins resulting in the formation of high-molecular-weight
aggregates. Therefore, excess 2-mercaptoethanol (10% v/v final concentration) was
added and the experiment repeated (Fig. 3.16). The reducing agent had no effect on
the separation pattern of bovine brain tubulin. However, it did enhance the resolution
of the MBP-tubulin fusions, although no differences between the tubulin monomers
and the tubulin mixture were apparent. Since it was possible that the recombinant
tubulin dimers were too large to be clearly resolved, 5%-PAGE was used but this did
not yield clearer results (data not shown). The presence or absence of GTP did not
affect the migration patterns of any of the tubulin samples. Also, no different bands
which may correspond to dimerised MBP-al/B-tubulin were obvious by comparison
to the monomer samples. Therefore, it was unclear whether the tubulin fusions were
able to form heterodimers so more experiments were conducted to get a definite

answer.

3.2.2.2 [Examination of recombinant tubulin dimerisation by glutaraldehyde

cross-linking

To overcome the problem of resolving the tubulin proteins on a non-
denaturing polyacrylamide gel, glutaraldehyde cross-linking was performed. This

reagent conveniently generates covalent bonds between closely interacting proteins
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via its aldehyde groups reacting primarily with amine residues. Therefore, a
denaturing polyacrylamide gel can be employed to resolve the proteins without
disrupting this interaction. An excess of Tris-HCI] quenches the reagent due to the
presence of the amine groups. Recombinant MBP-fusion tubulins, affinity-purified
MBP and bovine brain tubulin were prepared for dimerisation as outlined in section
26.2.

Optimal cross-linking times were determined empirically by conducting a
range of cross-linking experiments with and without 2-mercaptoethanol from 2 min
up to 180 min (data not shown). The optimal cross-linking time in the absence of 2-
mercaptoethanol was 5 min (data not shown). Although the presence of this reducing
agent did not affect the final results, optimal cross-linking required a longer period of
time, 30 min (Fig 3.17). The recombinant tubulins, either alone or as a mixture, did
not resolve on SDS 7.5%-PAGE when cross-linked. This was evident as the majority
of the protein remained at the stacking/separating gel interface. Some of the tubulin
was still resolved on the gel indicating that it had not yet reacted with the reagent.
However, it was not possible to find an intermediate point where the tubulin was only
lightly cross-linked but could still be resolved on the polyacrylamide gel. In contrast,
bovine brain tubulin appeared to be successfully cross-linked with two faint bands of
approximately 110 and 220 kDa in size being resolved. However, some of the protein
was also trapped at the stacking/separating gel interface indicating the formation of
higher oligomers. Furthermore, the smearing effect of the bovine tubulin oligomers is
a known phenomenon and was a result of the increased resistance of the protein to
denaturation by SDS (Turner et al, 1996). Bovine tubulin was similarly affected by
the presence of the reducing agent as it took longer for obvious cross-linked bands to
appear. MBP was used as a negative control and it did not form any oligomers. SDS
5%-PAGE was conducted using the same samples as in Fig. 3.17, but it was still not
possible to resolve the recombinant tubulins (data not shown). The recombinant MBP-
fusions once cross-linked were unable to be resolved on the acrylamide gel. Bovine
tubulin dimers were detected and MBP was unaffected by the presence of
glutaraldehyde as expected, indicating that the experiment was conducted correctly.
Therefore, this experiment could not conclusively prove that the tubulins did not form
heterodimers as these crosslinked proteins appeared to become insoluble so they

could not be resolved on the gel.
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Fig. 3.16. Resolution of the recombinant tubulins and bovine tubulin on a 10%-—
polyacrylamide gel. Lanes 1 and 2) MBP-al-tubulin, 3 and 4) MBP-B-tubulin, § and
6) MBP-al/B-tubulin, 7 and 8) bovine brain tubulin. Samples in lanes 1, 3, 5 and 7
had no GTP added while samples in lanes 2, 4, 6 and 8 had GTP added (I mM final

concentration).
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Fig. 3.17. Glutaraldehyde cross-linking of the recombinant MBP-tubulin
fusions, bovine brain tubulin and MBP resolved on a SDS 7.5%-PAGE. M.
Molecular weight marker (Invitrogen). Lanes 1 and 2) MBP-al-tubulin (4 ug each), 3
and 4) MBP-B-tubulin (4 pg each), 5 and 6) MBP-al/B-tubulin (4 pg each), 7 and 8)
bovine brain tubulin (4 pg each) and 9 and 10) MBP (4 pg each). Lanes 1, 3,5, 7 and
9 all had Tris-HC1 (0.1 M) added before the addition of glutaraldehyde to quench the
glutaraldehyde before it could cross-link the proteins. Lanes 2, 4, 6, 8 and 10 had
Tris-HCI (0.1 M final concentration) added after 30 min after exposure to the
glutaraldehyde. The crosslinked proteins tended to aggregate and did not always

resolve on the gel.



3.2.2.3 Tubulin polymerisation as assessed by sedimentation assay

Microtubules are easily separated from the more soluble tubulin dimers by
differential centrifugation. Therefore, a sedimentation assay was designed based on a
modified procedure of Kumar (Kumar N., 1981). Essentially, this assay used a series
of centrifugation steps (~40,000 x g) at different temperatures (4°C or 37°C) that
either encouraged or discouraged the formation of microtubules (see Fig. 3.18).
Tubulin monomers or dimers remain soluble when centrifuged at ~40,000 x g but are
mostly sedimented when they form microtubules (Kumar N., 1981). Therefore, this
method was used to determine if the recombinant tubulins could form microtubules.
Bovine brain tubulin was used as positive control and the MBP-tubulin monomers
with equal amounts of purified MBP were used as negative controls to confirm that
these proteins do not sediment when centrifuged. 2-Mercaptoethanol (2% (v/v)) was
added to all the samples to eliminate the possibility that non-specific disulphide bond
formation was precluding MT formation in the recombinant tubulin samples. The
experiment was set up as described in section 2.6.3.1 (see Fig. 3.19). In order to
quantify the protein, in each of the lanes, densitometry was employed (as outlined in
section 2.4.7) to determine the relative amount (by percentage) of tubulin compared to
the initial sample. Some of the sample was lost as the experiment continued mainly
due to wash steps. Its also possible that small technical inaccuracies influenced the
results in a minor way.

To test whether the proteins were soluble or insoluble at the different cycles,
an equal volume from each sample was taken when necessary. The sample
concentration would only change for two reasons: 1) division between soluble and
insoluble fractions and 2) accidental loss of protein due to the wash steps. All
samples were representative of the protein concentration that was present at the point
of measurement and were directly comparable. The vast majority of the tubulin in the
samples was soluble after the first centrifugation at 4°C, although some protein was
sedimented (Fig. 3.19 A, lanes 2 and 3). This may be due to some residual protein
clinging to the sides of the eppendorf tubes. Extensive wash steps were avoided due
to the ease of accidentally disrupting the sedimented samples. The 4°C-soluble
fraction was incubated at 37°C before being centrifuged at 37°C. Approximately
three-fifths (60%) of the bovine brain tubulin was sedimented while the remaining

two-fifths (38%) was soluble (Fig. 3.19 A, lanes 3 and 5). To determine if a
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significant amount of protein was lost during the wash step for the 37°C-sedimented
protein fraction, a sample was also taken. An insignificant amount of protein was lost
(~0.5%; Fig. 3.19 A, lane 4a). MBP-al-tubulin was fully soluble at 37°C and no
sedimented sample was observed (Fig 3.19 B, lane 4) . However, for MBP-f-tubulin
(Fig. 3.19 C, lane 4) and MBP-al/B-tubulin (Fig. 3.19 D, lane 4), some of the protein
sedimented at 37°C, indicating that the protein may have either polymerised or
aggregated. The 37°C-sedimented fractions were subsequently resuspended and
incubated on ice (30 min) before being centrifuged at 4°C. The bovine brain tubulin
was expected to be completely soluble but the majority of the protein was still
insoluble (Fig. 3.19 A lanes 6 and 7). The recombinant tubulins were completely
insoluble, which suggested that these proteins had aggregated rather than polymerised
(Fig. 3.19 C and D lanes 6 and 7). Although the MBP-B-tubulin had a greater
concentration (9%) in final sample than the MBP-al/B-tubulin mixture (0.6%), this
was likely due to accidental loss of protein during the wash procedure.

Overall, the fusion tubulin tubulins did not appear capable of forming MT’s.
In contrast, bovine tubulin was able to assemble and disassemble depending upon the

conditions.

3.2.3 TUBULIN-LIGAND-BINDING ASSAYS

APM derivatives were synthesised by a collaborator, Mrs. Christine Mara, in
the Medicinal Chemistry Dept. of the Royal College of Surgeons in Ireland, Dublin.
In order properly to evaluate these compounds, a tubulin-ligand-binding assay was
required. However, since it was not possible to use some of the well-established
tubulin polymerisation assays, other possibilities were investigated. The reactive
sulphydryl groups and the fluorescent tryptophan amino acids have both being
exploited extensively over the years to determine small ligand-protein interactions.
Therefore, these assays were developed for use with the MBP-tubulin fusions as
previous tubulin-ligand-binding experiments using, for example, radiolabelled
trifluralin were successful with these proteins (Holloman et al., 1998, Fennell et al.,

2006 and Giles et al., 2008).
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Fig. 3.18. Schematic diagram representing the central centrifugation steps in the

sedimentation assay for assembly-competent tubulin. The red circles represent

MBP-al-tubulin and the blue circles represent MBP-B-tubulin. The initial tubulin

sample was centrifuged at 4°C to remove any aggregated protein.

fraction was transferred to a new eppendorf tube where it was subsequently

The soluble

centrifuged at 37°C. The sedimented tubulin sample was resuspended and finally

centrifuged at 4°C. Assembly-competent tubulin should be found in the supernatant

after the last centrifugation at 4°C.
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Fig. 3.19. Analy the alty f bovine brain tubulin and the recombinant
MBP-tubulin fusions to polymerise by the sedimentation assay. M. Molecular
weight marker (Roche). A. Bovine brain tubulin. B. MBP-al-tubulin. C. MBP-B-
tubulin. D. MBP-al/B-tubulin. All gels were loaded as follows; lane 1) Initial
tubulin sample (10 pg), 2) soluble fraction after the 4°C centrifugation, 3) insoluble
fraction after the 4°C centrifugation, 4) soluble fraction after the 37°C centrifugation,
4a) wash fraction of sedimented sample at 37°C, 5) insoluble fraction after the 37°C
centrifugation, 6) soluble fraction after the 4°C centrifugation and 7) insoluble
fraction after the 4°C centrifugation. The results from the densitometry analysis are
listed beside the applicable SDS-polyacrylamide gel. * lists the lanes in which the
bulk of the assembly-competent tubulin should be found. See Fig. 3.18 for an

explanation of the protocol.



3.2.3.1 Measurement of ligand-tubulin interactions using a sulphydryl-reactivity

based assay

The sulphydryl residues on tubulin have been used by many different groups
in the past to determine the dynamics of ligand-tubulin interactions (Werbovetz et al.,
1999, Koo et al., 2009 and Gupta et al., 2002). The assay is based upon the reagent,
5,5'-dithiobis(2-nitrobenzoate) (DTNB), reacting with the free thiol groups (—SH),
that exist only on cystine amino acids, to form a bright yellow product, 2-nitro-5-
thiobenzoate (TNB), which can be measured spectrophotometrically at 412 nm (Fig.
3.20). Unreacted DTNB is almost colourless so there is very little background noise.
MBP itself contains no cystine residues. By constrast, P. falciparum ol-tubulin has
15 cystines while B-tubulin has 9.

The 20 cystine residues on bovine brain tubulin are scattered throughout the
protein which makes it ideal for reporting small ligand-binding. Two puM bovine
tubulin were incubated with single concentrations of known inhibitors to determine
whether this assay could detect their interaction with the protein. After 30 min, the
effect of the tubulin ligands was compared to the control, DMSO alone. Colchicine
(50 uM) and vinblastine (50 uM) produced significant absorbance quenches of ~32%
and ~34% respectively (Fig. 3.21). APM (50 uM), however, gave no significant
effect (<1%) on the reactivity of DTNB with bovine tubulin, suggesting that there was
no interaction between the compound and protein at this concentration, as expected.
Following this result, the Hisj,-tagged tubulins were tested for their reactivity with
DTNB. The His;-tagged tubulins were completely insensitive to the presence of
DTNB, indicating that their sulphydryl groups were not fully reduced (data not
shown). The MBP-fusions, both as monomers and as a mixture were then examined
using this assay. MBP was used as a negative control and did not react with DTNB.
By contrast, the MBP-tubulin fusions demonstrated a dose-dependent response to this
reagent (data not shown for the monomers). However, these recombinant tubulins did
not appear to be as active in this respect as the bovine tubulin, which is evident from
the graphs in Fig. 3.21. An approximate comparison of the sulphydryl reactivity for
bovine tubulin (2 uM) with the MBP-tubulin fusion mixture (2 uM) was made by
calculating the total absorbance change for both proteins over 60 min. The MBP-
fusions were approximately ~35 % as reactive as the bovine tubulin, which possibly

suggests that the some of recombinant sulphydryl residues were not reactive. Despite
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this result, ligand-interaction studies were attempted using different inhibitors at
various concentrations, e.g. APM (200 uM), vinblastine (200 uM) and taxol (20 uM).
However, none of these compounds affected the sulphydryl reaction. Therefore, it
was not clear if these compounds were not able to bind to the proteins or if their
binding was not being reported by the sulphydryl groups.

To determine if high concentrations of APM could bind to bovine tubulin, low
amounts of the protein (0.15 pM) were incubated with high concentrations (50 uM
and 100 pM) of the ligand. An increase in the DTNB reactivity was observed by
when a ratio of 666:1 ligand to tubulin was used (Fig. 3.22). However, this effect
disappeared when the APM concentration was lowered. This may indicate a weak
interaction between the compound and the protein.

In summary, this was a very useful assay that had no background noise from
non-specific reactions of DTNB with the compounds. It was also capable of detecting
the interaction of small ligands to bovine brain tubulin. However, despite the DTNB
being able to react with the sulphydryl groups on the tubulin fusions, this reaction
appeared to be less than that of the bovine brain tubulin. Therefore, it was assumed
that not all of the cystine residues were reactive. This was especially true for the
Hisz-tagged tubulins which did not react at all with DTNB. This may explain why
the presence of tubulin ligands did not affect the reaction profile of DTNB with the
tubulin fusions. As a result, this assay could not be used to determine the binding of

ligands to the tubulin fusions.

3.2.3.2 Measurement of ligand-tubulin interactions using a tryptophan

fluorescence-based assay

Plasmodium ol- and B-tubulin contain 4 tryptophans each. These residues
fluoresce strongly when excited at 280 nm giving a characteristic emission spectrum
which peaks around 350 nm. This technique has been widely employed to analyse
ligand-tubulin interactions for a number of distantly related organisms including
mammals, plants and protozoa (Acharya et al., Joe et al, 2008, Panda et al., 2000,
Sackett D., 1995, Lee et al, 1975, Murthy et al, 1994, Hughdahl et al, 1993,
Bhattacharya et al., 2002, MacDonald ef al., 2004, Prichard et al., 2000, Yakovich et
al., 2006, Werbovetz et al., 2003 and Werbovetz et al., 1999). Ligand interactions are

detected by a reduction in the intrinsic tubulin fluorescence intensity (quenching).
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Fig. 3.20. Diagram showing the reaction mechanism of DTNB with a free thiol
group on cystine. The free thiol group on the cystine (top left and highlighted in red)
contrasts with the unreactive sulphur in methionine (top right). Once DTNB reacts
with the thiol group it releases TNB? as a by-product which has the yellow colour.
An excess of DTNB is always used in this assay to ensure that the TNB? does not

react with another thiol group as it would no longer produce the yellow hue.
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Fig. 3.21. Reactivity of the tubulin sulphydryl residues with DTNB. A. Bovine
tubulin (2 uM) in the presence of DMSO (1% (v/v)) as control (black), APM (50 uM)
(green), colchicine (50 uM) (red) and vinblastine (50 uM) (blue). After 30 min, the
percentage reduction of DTNB reactivity with the sulphydryl groups was determined.
APM - <1%, colchicine — ~32% and vinblastine — ~34%. This indicated that APM
did not bind to bovine tubulin but colchicine and vinblastine did. Panel B: MBP (8
uM) (black), recombinant MBP-al/B-tubulin 1 uM (red) and 2 uM (blue). None of
the compounds used on their own was able to react with DTNB (data not shown). All
experiments were repeated and the error margins are indicated by the vertical bars on

the graph.
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Fig. 3.22 Analysis of the sulphydryl reactivity of bovine brain tubulin with high
concentrations of APM. A: reactivity of bovine brain tubulin (0.15 uM) in the
presence of DMSO (1% (v/v)) as control (black line) and two concentrations of
APM, 50 uM — ~0.15% quench (blue line) and 100 uM — ~11.12% increase (red
line). All experiments were repeated as and the error margins are indicated by the
vertical bars on the graph. APM (100 uM) was demonstrated to affect the sulphydryl
activity of bovine brain in a statistically significant fashion, as deduced by a Student t-
test with a 95% confidence (P value <0.0001). However, at a lower concentration of
APM (50 uM), there was no significant difference (P value = 0.8701). This may

indicate that at high concentrations, APM may be able to bind to bovine tubulin.



Quenching was quantified by combining the total fluorescence change from all the
points that were gathered over the range of 300 — 400 nm (200 points) and comparing
that value to the control (DMSO only). Since a range of points were used to calculate
the fluorescence change, fluctuations that occur at single points were minimised.
MBP contains 8 tryptophans and fluoresces strongly at 350 nm when excited at 280
nm. Therefore, it was necessary to compensate for the effects of MBP and any non-
specific interactions with the tubulin. This was done using a molar-equivalent of free
tryptophan in place of the fluorophore(s) to predict the non-specific quenching
(Werbovetz et al., 2003 and Yakovich et al., 2006). Therefore, free tryptophan amino
acids replaced the 4 residues that exist on either of tubulin and the 8 residues that exist
on the MBP molecule (Werbovetz ef al.,, 2003 and Yakovich et al., 2006). Also, a
certain proportion of the excitation and emission light are non-specifically absorbed
or scattered by the sample, a phenomenon known as “inner filter effects”. This
phenomenon can be minimised by reducing the concentration of the fluorophore(s) so
that the overall sample absorbance is <0.1 (Pain R., 2004). However, this was not
always possible so it was necessary to correct for these changes by using a specific
equation (see section 2.8.3.2) developed by Lakowicz (1999). These corrections were
most evident at high ligand concentrations (Fig. 3.23).

Bovine brain tubulin was also used as a negative control by incubating it with
APM for 5 min at 37°C. A longer incubation time did not affect the fluorescence
quench. Only at high concentrations (~ 100 uM) was a slight effect observed after the
results were corrected for non-specific quenching (Fig. 3.23 B), which was in good
agreement with the results from the sulphydryl assay (Fig. 3.22).

The disassociation constants (K;) for tubulin-ligand interaction were
determined using the method as described by Acharya et al., 2008 (Acharya et al.,
2008). Briefly, the maximum quench a ligand could achieve by occupying every
available binding site on the tubulin was calculated (i.e. the Fy,x). This data was
obtained by extrapolating the double reciprocal plot of the change in tubulin
fluorescence versus the ligand concentration back to the y-axis (Fig. 3.24 and 3.25).
The Fmax value was compared to the predicted number of currently occupied tubulin-
ligand sites at a particular ligand concentration. Vinblastine was known to bind
specifically to bovine tubulin at one site per dimer and was used as a positive control

for the assay. A 30 min incubation time of bovine brain tubulin with vinblastine at
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37°C was required to generate reproducible results. The calculated K; was 0.91 +0.29
uM (Fig. 3.24 and Table 3.1).

The tubulin-fusion proteins were incubated with APM for 5 min at 37°C. The
tubulin fusions were measured as monomers (0.3 uM) or as a mixture (0.15 uM
each). An equi-molar concentration of tryptophans was present in the samples to
minimise error caused by using different tryptophan controls which was the reason for
using twice the molar concentration of the monomer compared to the mixture. At
least five different ligand concentrations were used for determining the K;. The Ky
for the recombinant tubulins was calculated in the same way as bovine tubulin. APM
was able to quench the tubulin fusion mixture significantly over a range of
concentrations (Fig. 3.25), which was not possible with bovine tubulin (Fig. 3.24).
MBP-B-tubulin had less affinity for APM than MBP-al-tubulin but the mixture had a
greater affinity still. Oryzalin was demonstrated to bind almost 3—fold better to the
tubulin-fusion mixture than APM (Table 3.1).

The fluorescence quenching assay was able to generate ligand-binding data for
the MBP-tubulin fusions. It was not attempted with the other recombinant tubulins
(e.g. Hisj-tagged) as they did not appear to be functional. Unfortunately, this assay
was a low-throughput assay but it was suitable for generating some binding data that

will be discussed in subsequent chapters.

3.3 DISCUSSION

Purification of tubulin directly from P. falciparum is hindered by the scarcity
of the protein in the erythrocytic stage of the parasite life-cycle and the limited
amount of starting material available. Therefore, recombinant tubulin was previously
generated to achieve sufficient quantities of the protein for biochemical analysis
(Fennell et al., 2006). However, this recombinant tubulin was produced with an
MBP-tag attached and only limited functional studies were conducted. The aim of the
work in this chapter was to generate tubulin that could be used for ligand-protein
binding assays.

Recombinant MBP-fusion tubulins were previously generated by using the
pMAL-c2X vector in an E. coli expression system. Initial attempts to cleave the MBP
tag from the recombinant tubulin using a specific endo-protease, factor Xa, were

unsuccessful due to the formation of numerous bands <50 kDa. Since the tubulin
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Protein Sample |Conc. (M) Compound Py R’ Value

Vinblastine
Bovine Tubulin 0.15 0.91 yM £+ 0.29 0.8797
Oryzalin
0.15 15.51 uM £ 3.55 0.9453
MBP-al/B-tubulin APM

0.15 44.14 yYM +7.15 0.9712

APM

MBP-al-tubulin 03 87.4 M + 19.91 0.8852
APM

MBP-f-tubulin 0.3 162.63 uM + 24.72 0.9048

Table 3.1. Representation of the K, generated by the fluorescence quenching assay using the recombinant tubulin and bovine brain
tubulin. A significantly lower K;was generated for the MBP-fusion mixture (0.15 pM) than the monomers (0.3 uM). This may be a result of a
one high-affinity binding site when the monomers are mixed together. Oryzalin was also used and it was demonstrated to have a greater affinity
for tubulin than APM. Bovine brain tubulin and vinblastine were used as a positive control. F R’ value, the accuracy of the best fit line for

determining the F,, (closer to 1.00 the more accurate the fit).
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Fig. 3.23 Intrinsic fluorescence of bovine brain (BB) tubulin (0.15 pM) in the
presence/absence of APM (75 uM or 100 pM) when excited at 280 nm. A. The
bovine brain tubulin fluorescence was significantly reduced in the presence of APM
but the majority of this quench was non-specific. This non-specific quench was
corrected using tryptophan fluorescence and compensating for the inner filter effects.
B. The corrected bovine brain tubulin graph showed that 100 uM of APM caused a
~11.72% quench which was statistically significant (P value <0.0001) but the quench
at 75 uM APM of ~ 0.26% was not significant (P value = 0.1409).
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Fig. 3.24. Analysis of bovine brain tubulin intrinsic fluorescence in the presence
of different concentrations of vinblastine. A. Bovine brain tubulin (0.15 uM) was
incubated with either DMSO (control) or different concentrations of vinblastine for 30
min at 37°C. Three independent samples were used for each concentration. Error
bars have been omitted for clarity. B: this graph depicts the double reciprocal plot of
the fluorescence change and ligand concentration. A best fit line was used to plot the
graph (R? value = 0.8797). The Fpay (the point of interception at the y-axis) was used
to predict the maximum fluorescence quench achievable. F, represents the observed
fluorescence in the absence of a ligand (after correction). F represents the observed

fluorescence in the presence of a ligand (after correction).
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Fig. 3.25. Analysis of the intrinsic fluorescence of MBP-al/B-tubulin mixture in
the presence of different concentrations of APM. A. The MBP-al/B-tubulin
mixture (0.15 uM) was incubated with either DMSO (control) or different
concentrations of APM for 5 min at 37°C. Three independent samples were used for
each concentration. For reasons of clarity, the errors bars have been omitted and the
uncorrected fluorescence was graphed.  B. The double reciprocal plot of the
corrected fluorescence change and ligand concentration. A best fit line was used to
plot the graph (R? value = 0.9712). The Fpax (the point of interception at the Y-axis)
was used to predict the maximum fluorescence quench achievable. F, represents the
observed fluorescence in the absence of a ligand (after correction). F represents the

observed fluorescence in the presence of a ligand (after correction).



fusions were stable under the same conditions in the absence of the enzyme, it was
likely that factor Xa was responsible for non-specifically cutting the chimeric protein
despite the absence of any obvious recognition sites. However, since some cleaved
tubulin was generated, it was worthwhile determining if it were possible to isolate this
tubulin. Cleaving the fusion tubulins while they were attached to the amylose column
had the advantage of removing the largest sources of contamination, uncleaved
tubulin and cleaved MBP. Furthermore, since the tubulin samples did not require
maltose to elute them, the samples could be re-run over the amylose column further to
remove residual contamination. However, significant breakdown was observed after
MBP-f-tubulin was incubated with factor Xa. Also, cleaved MBP and uncleaved
MBP-B-tubulin were also eluted from the column. Re-running the samples over the
amylose column did not remove this contamination. It is possible that the MBP-
amylose bond weakened over time releasing the uncleaved proteins. In conclusion,
factor Xa is not a suitable enzyme for cleaving the MBP-tag from P. falciparum
tubulin.

Although factor Xa could not be used, two alternative enzymes, genenase I
and enterokinase, whose cleavage sites have already been encoded into the pMAL
vector, were commercially available. The MBP-tubulin fusions which had a specific
cleavage site for factor Xa only were incubated with these enzymes using the
recommended conditions to determine if they were suitable for future cleavage
experiments. Enterokinase was determined to degrade the tubulin fusions and was
ruled out. However, genenase I did not digest either of the fusion tubulins.
Therefore, both al-tubulin and B-tubulin were cloned into the pMAL-c2G vector
which encoded a genenase I recognition site. These clones were designed so that
genenase | would cleave the MBP tag from the tubulins with no additional amino
acids. Both tubulins were expressed and purified to near homogeneity as before.
Factor Xa was incubated with these MBP-fusion tubulins and it was shown to degrade
the proteins non-specifically. Initially, genenase I was very inefficient at cleaving the
MBP-tag from the tubulin-fusions, with an eventual plateau of free tubulin being
reached that could not be increased despite using excess enzyme, extended incubation
times and various temperatures. The reason for this plateau was not known, although
one possibility was that the enzyme became inhibited or denatured over time which
reduced its efficiency. Therefore, an experiment was designed so that increasing

amounts of enzyme were added to a tubulin fusion sample at a set period of time.
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However, this did not increase the overall yield of free tubulin. A second possibility
was that the genenase I recognition site was partially buried between the tubulin and
MBP proteins. Therefore, it was investigated whether the tubulin fusions could be
slightly denatured to increase the efficiency of genenase I. A range of SDS
concentrations were added during standard cleavage experiments to determine if it
had any effect. More than 0.01% (w/v) of SDS reduced the activity of genenase I,
presumably by denaturing the enzyme. However, an optimum concentration of SDS
was discovered that increased the efficiency of the enzyme compared to that obtained
in samples without SDS. Therefore, the genenase I recognition site appears to be
occluded in the chimeric protein, reducing the activity of the enzyme. This occlusion
could be due to the fact that the enzyme cleavage site is at the very start of the tubulin
instead of being in a more exposed position. The reason the site was chosen was to
minimise additional amino acids being left attached to the tubulin once the MBP tag
was cut off. This further explains why increasing concentrations of genenase I did not
also increase the production of free tubulin. Interestingly, the optimal cleavage
conditions for the two tubulin fusions were significantly different. This is likely due
to conformational differences between the MBP-tubulin fusions affecting the
exposure of the genenase I recognition site. Isolation of this free tubulin was
attempted using ion—exchange chromatography but it was not possible to remove the
uncleaved tubulin (data not shown). Therefore, this strategy was not suitable for large
scale production of untagged tubulin.

P. falciparum tubulin over—produced in E. coli was generally completely
insoluble, with the exception of the MBP-fusions. One possible reason for tendency
of the tubulin consistently to aggregate in E. coli cells was the fact that the protein
was expressed in isolation preventing it from forming a natural heterodimer. This was
demonstrated to be an essential factor for improving the solubility and functionality of
other dimeric proteins (Li et al, 1997). This approach is not novel for tubulin,
though, as Linder ez al., (1998) generated a bicistronic vector to express Reticulomyxa
filosa tubulin (Linder ef al., 1998). They reported an increase in tubulin solubility and
protection from non-specific degradation, but the tubulin could not polymerise.
Nonetheless, this strategy merited investigation as the Plasmodium o- and B-tubulin
were only 86% and 51% identical to Reticulomyxa tubulins at the amino acid level
respectively (data not shown). Although this vector permitted the use of fusion tags

(His)»-tag or S-tag), these were avoided in favour of generating native-like tubulin
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that, if assembly-competent, would have been purified by the standard
assembly/disassembly technique. The pET-Duet-al/B-tubulin and pET-Duet-all/B-
tubulin constructs were successfully generated. However, due to cloning restrictions,
translation of the B-tubulin protein began prematurely so that 14 extra amino acids
were added to its N-terminus. Site—directed mutagenesis was used to remove an
upstream ATG start codon and generated an “altered” plasmid which coded for native
al- and B-tubulin. Unfortunately, this plasmid became unstable and could not be
sequenced so it was not possible to verify if this ATG was removed. Therefore,
expression of the pET-Duet-al/B-tubulin construct which included the upstream ATG
and the potentially “altered plasmid” were used for expression of the recombinant
proteins. One large band was observed after Coomassie blue staining of an SDS poly-
acrylamide gel. It was not clear whether this band included both al-tubulin and -
tubulin so a western blot was used to confirm that both of these proteins were
expressed. A solubility test determined that proteins were mostly insoluble although
it was possible to detect the presence of both tubulins in the soluble fraction by a
western blot. This may however just represent residual insoluble protein. The
samples were kept consistently cold to minimise the possibility of unwanted
polymerisation, in case this was a factor. Furthermore, the proteins appeared to be
degraded non-specifically in at least two different sites. Overall, this method does not
appear to improve the solubility of the tubulins. However, it may still be worthwhile
in the future to use the same vector with a Hisj,-tag attached to one of the proteins
which would permit an easy method for purification but also allow for the detection of
tubulin dimerisation.

Refolding aggregated tubulin has been achieved independently by several
groups over the years using two general approaches, biological renaturation and
chemical renaturation. Aggregated tubulin can be forced to become soluble, typically
by dissolving it in concentrated urea. The biological refolding approach for tubulin
uses the native chaperone machinery present in eukaryotic cells, notably rabbit
reticulocytes, to correctly and specifically to renature the tubulins. Rabbit
reticulocytes are particularly useful as they contain all the components of the tubulin
chaperone system (CCT) but virtually no tubulin (Shah et al., 2001). However, this
technique is known to produce only low yields of refolded tubulin (microgram
amounts) compared to the initial sample (milligrams). Despite this limitation,

assembly—competent tubulin could perhaps be used to nucleate tubulin directly from
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the parasite, increasing the amount of the original protein sample. Also, surface
plasmon resonance techniques, require only microgram concentrations of protein to
coat a chip which can be re-used several times for different ligand interaction studies.
Therefore, microgram yields like those obtained by Shah ez al., (2001) would not be a
significant barrier. Untagged tubulin was produced as insoluble inclusion bodies.
Several rounds of mild detergent washes generated almost completely pure tubulin.
The tubulin was completely solubilised in urea but only limited quantities could be
added to the rabbit reticulocyte lysate (RRL) as high urea concentrations would
denature the chaperone proteins. More f-tubulin was added into the refolding sample
than al-tubulin due to the reduced efficiency of B-tubulin refolding (Shah et al,
2001). Unfortunately, it was not possible to obtain the same quantities of RRL (100
ml) as Shah et al, (2001) due to the high cost associated with this product and a
scaled—down version of the same experiment was conducted instead using less RRL
(1 ml). A sedimentation assay was used to determine whether the tubulin was
assembly—competent. The initial fraction at 4°C was primarily soluble although there
was significant smearing on the gel. The cause could not be determined exactly. It is
possible that an excess of sample was used by accident. At 37°C, nearly all of tubulin
was present in the soluble fraction indicating that it did not polymerise. This may be
the result of non-optimal assembly conditions, particularly due to the presence of urea
(<04 M) which was introduced to the RRL with the denatured tubulins.
Alternatively, the tubulins may still be still mis-folded and are only soluble due to the
presence of urea. However, a very faint band was visible in the pellet fraction which
could represent polymerised tubulin. This was further verified by the presence of a
weak but obvious band in the 4°C soluble fraction indicating that the refolded tubulin
was sensitive to temperature shifts. Although it appears that this method can generate
functional tubulin, it is unlikely to be used further due to its technical difficulty and
very low yields.

Chemical refolding is dependent upon the tubulins’ spontaneously refolding
themselves into the correct conformation. Several groups have argued that tubulin
requires specific machinery in order for it to be correctly folded (Guha et al., 1997,
Llorca et al., 2000 and Lewis ef al., 1997), which contradicts other reports that have
demonstrated tubulin which can bind known tubulin inhibitors or form MT’s (Koo et
al., 2009, Lubega et al., 1993, Oxberry et al., 2001, Jang et al., 2008, Koo et al., 2009

and Wampande et al., 2007). Therefore, this technique remains controversial but one

84



striking difference between the opposing groups is the source of tubulin that is used in
these studies. Generally, protozoal, fungal or plant tubulin were successfully refolded
in contrast to the mammalian brain tubulin which could not be renatured. However,
significant differences between these proteins may explain the disparity of results
with regard to producing refolded tubulin.

Previous attempts in our lab using a chemical refolding strategy based upon
the work of Lubega et al., (1993) were unsuccessful primarily due to mis-folding of
the protein (Dr. Brian Fennell, Fennell, 2005). However, a new on-column procedure
developed by Jang et al., (2008) has since claimed to generate assembly—competent
tubulin (Jang et al., 2008). This method primarily differed from that of Lubega et al.,
(1993) as it would theoretically prevent partially folded tubulins from interacting and
aggregating. The tubulins generated from this system were determined to be almost
completely pure and soluble in the absence of urea. However, concentrating the
tubulins past > 6 pg/ul caused them immediately to precipitate out of solution. These
tubulins were incapable of polymerising, unlike those of Jang ef al., (2008) (Jang et
al., 2008). Protein refolding is a difficult procedure that often requires optimisation
by empirical investigation for a specific protein. Therefore, it is possible that further

optimisation of this procedure could lead to success with Plasmodium tubulin.

Although it was known that the MBP-al- and B-tubulin fusions were unable to
polymerise with each other as judged by the turbidimetric assay, it was unknown if
they could dimerise (Dr. Brian Fennell, Fennell, 2005). Evidence that MBP-al-
tubulin could co-polymerise in a dose-dependent manner with bovine brain tubulin
suggested that this protein was correctly folded and capable of forming dimers and
polymers (Fennell et al, 2006). Therefore, non-denaturing 5% and 10%
polyacrylamide gels were used to resolve the tubulins. MBP and bovine brain were
used as controls. It was not possible to resolve the tubulin fusions by native PAGE in
the absence of 2-mercaptoethanol. This reagent cleaves disulphide bonds, which can
form over time, especially in tubulins which generally have numerous cystine residues
(20 exist on bovine brain tubulin and 24 on MBP-al/B-tubulin). The presence of 2-
mercaptoethanol should not interfere with dimer formation as fully reduced tubulin is
still capable of forming normal MT’s (Britto ez al., 2005). The bovine tubulin formed
a ladder of bands on the native PAGE, which represented dimers and oligomers of the

protein, in agreement with previous work (Sulimenko etz al., 2002). MBP migrated as
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one band only as expected. The tubulin-fusion mixture did not appear to form
additional bands in comparison to the monomers alone, although two distinct bands
were resolved. To clarify the results a western blot was conducted but the results
were unclear due to excessive smearing on the blots (data not shown). Therefore,
dimers may be formed, but they could not be distinguished. The His;,-tagged,
refolded tubulins were also examined using this method, but it was not possible to
resolve these proteins on the gel indicating that perhaps they had permanently
aggregated.

In order to avoid further use of non-denaturing gels, a covalent crosslinking
strategy was employed so that a denaturing polyacrylamide gel could be used to
resolve the proteins, producing a sharper image. Glutaraldehyde is capable of non-
specifically covalently cross-linking proteins that are in close proximity to each
together by acting as a link between amine groups of different proteins. Optimal
conditions for this experiment needed to be determined empirically by incubating the
glutaraldehyde and tubulins for different lengths of time. The proteins were resolved
on SDS-polyacrylamide gels of different concentrations (5% and 7.5%
polyacrylamide) to encourage the proteins to resolve on the gels. The 7.5%
polyacrylamide gels were able to clearly resolve proteins of ~250 kDa (myosin
molecular weight marker). The fusion proteins should form dimers of around ~200
kDa and it should be possible to resolve them on these gels. Bovine brain tubulin was
able to form obvious dimers on the gel. However, despite using a range of incubation
times, the MBP-fusion tubulins immediately aggregated once they were cross-linked.
This aggregation appeared to occur immediately as there was no intermediate stage at
which some cross-linked tubulin could resolve. His)>-tagged refolded tubulins were
also examined using this technique but it was not possible to resolve them clearly
either (data not shown).

To characterise whether the tubulin fusions could assemble, a temperature-
regulated sedimentation assay was used. Essentially, the tubulins are sedimented by
centrifugation at either 4°C or 37°C. This permits the isolation of assembly-
competent tubulin from soluble tubulin (sedimented at 37°C but not at 4°C). Residual
protein (not sedimented due to temperature) that adhered to the polymerised tubulin or
the eppendorf tube was washed away leaving only the sedimented tubulin. Previous
attempts in our lab to sediment the MBP-al/B- tubulins were unsuccessful (Fennell,

2005). However, oxidation of the cystine residues inhibits tubulin polymerisation

86



(Britto et al., 2005). Therefore, an excess of 2-mercaptoethanol, a reducing reagent,
was added to all the samples before the assay was conducted. Bovine brain tubulin
was used as a control for this assay and despite being sensitive to temperature
changes, a significant proportion of the protein was sedimented after the 37°C
centrifugation (60%) but the majority of this sample remained insoluble (42%) after
the final 4°C centrifugation. This result was surprising as almost all of the tubulin
was expected to be soluble at this point with just some residual insoluble amounts.
Chaudhuri et al., (2001) suggested that at least one intra-chain disulphide bond exists
in both the a- and B-tubulin subunits and it is essential for MT assembly and stability
(Chaudhuri ef al., 2001). This would explain why some of the tubulin did not
polymerise, hence remained in the soluble fraction after the 37°C centrifugation and
also the possible formation of bovine aggregates that were insoluble at 4°C.
However, this disulphide bond was not recorded in the bovine tubulin crystal
structure, nor did Britto et a/., (2002) concur with these results (Nogales et al., 1998
and Britto et al,, 2005). Alternatively, aged tubulin is known to lose the ability to
polymerise and forms aggregates. This phenomenon is both temperature (optimum is
37°C) and time (>1 h) dependent (Roychowdhury et al., 2000). Tubulin aging is not
caused by disulphide bond formation or cystine oxidation (Britto e a/., 2005 and
Correia er al., 1993). The centrifugation steps and incubations on ice or in a 37°C
water bath were kept deliberately short in order to minimise this effect. However, the
incubations needed to be sufficiently long for tubulin to either polymerise or
depolymerise and then it was necessary to sediment the sample. As a result, it was
not possible completely to dissolve the bovine brain tubulin after the 37°C step. To
compensate for the protein difference in the MBP-a/B-tubulin mixture, MBPAmultiple
cloning site (MCS) was added to the monomer samples. The MBPAMCS was
designed so that it was identical to the MBP protein portion that was attached to the
MBP-fusion tubulins. Expression of the pMAL vector produces MBP along with the
MCS. The tubulin fusions were mostly soluble after the first 4°C centrifugation. It is
likely that any sedimented tubulin was just residual soluble protein as the amounts
were very low and varied from 0% — 7% (from different experiments) of the total
sample added. Although the MBP-al-tubulin was not sedimented at 37°C, indicating
that it could not polymerise, both MBP-B-tubulin and the MBP-a/B-tubulin produced
a significant pellet. It has been shown before that the recombinant tubulin proteins

can form homo-dimers under assembly—promoting conditions (Koo et al, 2008 and
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Oxberry et al., 2001). Therefore, it was not possible to determine if MBP-tubulins
were in fact forming polymers or if they had aggregated due to the increased
temperature. Both of the tubulins were insoluble at 4°C but this was also the case for
bovine tubulin so it was possible that the same phenomenon of tubulin ageing-related
aggregation had occurred. It may be worthwhile in the future to examine these
sedimented tubulins by electron microscopy to determine if MT structures are in fact
formed. It may also be possible to increase the yield of polymerised tubulin by
removing the MBP tag. The MBP-tag could allosterically hinder the formation of
MT’s or it may increase their solubility which would mean that higher centrifugation
speeds are required to sediment the tubulin sample.

MBP-tubulin fusions which still have the tag attached have been used
previously for ligand interaction studies (Fennell et al., 2006, Giles et al., 2008 and
Holloman et al, 1998). Therefore, two well-established assays were focused on to
measure the binding of APM, a representative from the phosphorothioamidate family
and oryzalin, a representative from the dinitroaniline family.

Reduced sulphydryl residues are highly reactive with the DTNB reagent and
have been used to determine conformational changes occurring in tubulin due to
ligand interactions or the aging effect (Werbovetz et al.,, 1999, Koo et al., 2009, Gupta
et al., 2002, Chaudhuri e al, Roychowdhury er al, 2000, Britto et al., 2002 and
Britto et al., 2005). Therefore, this assay was developed to measure ligand-induced
changes to the recombinant tubulins. Bovine tubulin was used as a comparison to the
recombinant tubulins, although it does have fewer cystine residues on the
heterodimers (20 on bovine tubulin and 24 on the Plasmodium tubulin). An
immediate reaction between DTNB and tubulin was believed to be a result of a
specific group of solvent—exposed “fast-reacting” sulphydryl residues which tend to
be very sensitive to this reagent (Roychowdhury ez a/., 2000). The steady climb to the
plateau was thought to be the result of buried “slow-reacting” sulphydryl groups
finally reacting (Roychowdhury et al, 2000). Both colchicine and vinblastine
significantly decreased the sulphydryl reactivity of bovine tubulin by either binding
close to or interacting with cystine residues. Therefore, it is possible to determine
small ligand-protein interactions by this method. Although APM has a sulphur atom,
it did not react with DTNB even at the highest concentration used (200 uM), which
was expected as DTNB only reacts with reduced sulphydryl groups. It was interesting

to determine if APM could bind to bovine tubulin as previous reports did suggest that
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high concentrations of dinitroanilines (thought to have the same binding site as
phosphorothioamidates) could bind to mammalian tubulin (Werbovetz et al., 2003).
Therefore, a low concentration of bovine tubulin (0.15 uM) was incubated with high
concentrations of APM (50 — 100 uM). At the highest concentration used (100 uM),
the APM interaction with tubulin caused a statistically significant increase in
sulphydryl reactivity rather than a decrease. It was likely that the binding of the
ligand caused a conformational change in the tubulin dimer that exposed buried
cystines. This has been shown before with an unrelated tubulin ligand, griseofluvin
(Chaudhuri ef al., 1996). Furthermore, at lower APM concentrations (50 uM) this
effect was reversed indicating a weak binding between tubulin and the ligand. This is
in good agreement with previous in vitro tubulin binding studies (Werbovetz et al.,
2003) and known lack of effect of APM on mammalian cell cultures (Murthy et al.,
1994 and Fennell e al, 2006). This assay was used with the Hisj>-tubulin fusions
and MBP-tubulin fusions. DTNB did not react with the Hisj,-tagged tubulins. It is
possible that the sulphydryl groups became oxidised during the refolding or
purification procedure. MBP-tubulin fusions previously lost all their reactivity to
DTNB following dialysis (data not shown). However, other groups have successfully
employed this technique, so it is possible that another factor is responsible for the
unreactive nature of the His)>-tubulin fusions (Koo et al., 2009). The MBP-tubulin
fusions were capable of generating a dose-dependent response to the reagent DTNB
as either monomers (data not shown) or as a mixture (Fig. 3.21 B). However, even at
the highest ligand concentration used for either vinblastine or APM (200 uM), no
difference in the sulphydryl reactivity was observed indicating that the ligands either
did not interact with the tubulins or the sulphydryl residues could not detect the
change. The tubulins may have aged which could reduce their ability to react with
DTNB (Britto et al, 2002). This might explain also their apparent lack of activity
compared to bovine brain tubulin, although, the two cannot be compared as a strict
measure. This is especially true since Plasmodium tubulin dimers have more cystine
residues than bovine tubulin, 24 and 20 respectively. The aging effect may be
exacerbated by the prolonged exposure of the recombinant tubulins to 37°C for 3 h
during their production in E. coli. This aging effect may be minimised if the protein
synthesis was reduced to 1 h or less. However, this would obviously have a
significant impact on yield, but the optimal time may be worth investigating. Since it

was possible that the tubulins became oxidised during the purification, 2-
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mercaptoethanol was added to all the buffers. However, this did not make a
significant difference indicating that oxidation of the cystines was not a major
problem during routine purifications.

Since it was not possible to determine tubulin-ligand-binding via the reactivity
of cystine residues, exploitation of tryptophan fluorescence was investigated based on
previous accounts (Werbovetz et al., 1999, MacDonald et al., 2004 and Sardar et al.,
2007). By using the crystal structure of bovine tubulin, it was possible to view the
distribution of the tryptophans on the dimer in the presence of vinblastine (Fig. 3.26).
The vinblastine binding site lies between the tubulin dimer-dimer interface and four
tryptophans are within 30 . Therefore, it is not surprising that this drug can create a
noticeable fluorescence quench. The large excess of ligand to tubulin was used to
create a pseudo-first order reaction so the binding equilibrium would be rapidly
established. This reduced the need for prolonged tubulin incubations at 37°C which
could be detrimental to the protein by promoting the aging effects previously
described. Initially, the MBP-fusion tubulins were examined for an optimal
incubation time and a steady fluorescence was apparent after ~ 5 min (data not
shown). For vinblastine binding experiments, a 30-min incubation time was used as
it was previously reported to require ~15 min to reach an equilibrium (at a 2:1 ligand
to protein ratio) (Lacey E., 1988). To determine the tubulin-ligand Ky, a series of
calculations developed by Acharya et al, (2008) were employed (Acharya e al.,
2008). Vinblastine binding to bovine brain tubulin was previously determined using
this method so it was repeated here as a positive control. The vinblastine K, was
determined to be 0.91 uM +/- 0.29 uM which is comparable to previously published
data (Avila, 1990).

The exact binding site for the herbicide compounds on tubulin is unknown,
although at least 3 putative sites have been proposed (see section 1.6). Using a
homology model of Plasmodium al/B-tubulin, it was possible to highlight the position
of the tryptophans in relation to the Morrissette site (Fig. 3.27). This model predicted
that at least 3 tryptophans were within 30 of the potential binding site.
Furthermore, one tryptophan actually forms part of this molecular pocket. Therefore,
this assay should be useful at determining the herbicide compounds interaction with
tubulin. Both of the monomers and the mixture of the tubulin proteins were used in
an attempt to demonstrate the binding of APM. This tubulin mixture had a final

concentration of 0.15 uM but each of the tubulin monomers had a final concentration

90



Fig. 3.26 Ribbon diagram of the «/B-tubulin dimer-dimer (1FFX) with

vinblastine and tryptophans residues highlighted. Tryptophans residues, red.
Vinblastine, blue. This model demonstrates that vinblastine compound is located <30

from 4 tryptophans.



Fig. 3.27 Ribbon diagram of the Plasmodium al/p-tubulin heterodimer with the
putative Morrissette site and tryptophans residues highlighted. The tryptophans
residues are red or (tryptophan 21 forms part of the putative Morrissette site)
and the Morrissette site is blue. From the diagram, it was possible to measure that at

least 3 tryptophans are within 30 of predicted herbicide binding site.



of 0.3 uM. The reason for this difference was to use equal amounts of protein in each
sample so that the tryptophan controls would apply for all the experiments. This was
done primarily to minimise the error caused by using different tryptophan controls.
This approach meant that there was twice the concentration of MBP-al-tubulin in the
monomer samples as in the mixture, which would affect the tubulin/ligand ratio,
particularly if the binding site existed solely on a-tubulin. However, this difference
was accounted for during the calculations. Furthermore, since an excess of ligand
was used, the tubulin-ligand complex was not critically affected so the data from the
monomer and al/pB mixture samples could be compared. It was not possible to detect
vinblastine binding to the fusion-tubulins. There are several possible explanations for
this result. The vinblastine binding site may be obscured or sterically hindered by the
presence of the MBP protein. The binding site may not exist if tubulins do not form
dimer-dimer interactions or were incorrectly folded. Finally, it is possible that
vinblastine affinity is lost or reduced if the tubulin had aged. This is the case for
colchicine, whereby aged tubulin loses up to 30% of its original capacity to bind the
compound after 2 h incubation at 37°C (Roychowdhury et al, 2000). The binding
data suggested that APM could bind to both monomers, although a ~2 fold stronger
affinity was observed for MBP-al-tubulin (Table 3.1). A tubulin mixture was also
used whereby MBP-al- and -B-tubulin were mixed together and allowed to dimerise.
The K; for APM was almost 2-fold lower than al-tubulin alone. This may suggest
that the tubulin mixture has one high affinity binding site that exists only when both
monomers are combined together. Since this was first report of the K; of APM for
tubulin, no comparable data exists. The dinitroanilines are thought to share the same
or an overlapping binding site on tubulin as the phosphorothioamidates (discussed in
detail in chapter 5) (Murthy et al., 1994, Ellis et al., 1994, Blume et al., 2003 and
Mitra and Sept, 2006). Therefore, it was interesting to elucidate the K; for oryzalin to
the recombinant tubulins-fusions also. The K; measured, 15 £ 3 uM, was similar to
the previously reported value for native Leishmania tarentolae tubulin, 17 + 8 uM
(Yakowich er al., 2006). This suggests that the MBP-tubulin-fusions are at least
partially folded correctly. Oryzalin appeared to bind to tubulin nearly 3-fold better
than APM. The compounds have a similar ICso against cultured parasites (6.1 uM
and 3.5 uM respectively) (Fennell ef al, 2006). This discrepancy may be a result of
the better accumulation of APM at its site of action in the live parasites. Trifluralin, a

dinitroaniline which is structurally similar to oryzalin and has a ICsp of ~1.5 uM, was
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demonstrated rapidly to accumulate inside parasitized erythrocytes. However, the
majority of this compound became trapped in the cell membrane, which significantly
reduced the amount of soluble compound available to interact with the tubulin
(Naughton ez al., 2008). It is feasible that a similar problem exists with oryzalin
despite it being more hydrophilic than trifluralin.

This represents the first time K; values have been elucidated for interactions
between small molecules and P. falciparum tubulin and may open the way for
generating ligands with increased affinity for the protein.  The aim of this work was
to generate sufficient quantities of recombinant tubulin suitable for ligand-binding
studies. Although several different strategies were attempted to generate functional
native-like tubulin, this was not possible and the MBP-fusion tubulin remained the
best option for biochemical studies. Despite the presence of the MBP-tag, it was
possible to measure the interaction of representative compounds from the
phosphorothioamidate and dinitroaniline groups despite the small size of these

molecules.
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Chapter 4

Antimalarial Activity and Structure-Activity
Relationships of Compounds Related to
Amiprophos-methyl (APM)



4.1. INTRODUCTION

Tubulin has been highly successful as a drug target particularly for cancer
treatment. Inhibition of MT dynamics is a very effective method for controlling fast-
dividing cells. Plasmodium is equally sensitive to some classical MT inhibitors, such
as vinblastine or taxol, as mammalian cells. It is more resistant to colchicine. This
lack of favourable selectivity has until now precluded the development of novel
antimalarial drugs from tubulin inhibitors.

The dinitroaniline and phosphorothioamidate herbicides are different in the
fact that they are more active against “lower” eurkaryotes such as plants, fungi and
protozoa than against mammalian cells (Dow et al. 2002, Murthy ez al. 1994, Fennell
et al. 2006 and Werbovetz et al. 2003). This feature has lead to the development of
novel herbicide-based compounds that exhibit strong affinities for purified tubulin
from trypanosomes and Leishmania species, some of which are also highly effective
against the cultured parasites (George et al., 2007 and Giles et al., 2008). George et
al. used oryzalin as a starting compound for modifications but it was demonstrated
that their derivatives were ineffective even at the highest possible dosage in vivo
(George et al., 2007 and Wu et al., 2006). It was later established that their
compounds were susceptible to significant metabolism and were completely cleared
from the treated animal within several hours (Wu er al., 2006). Nonetheless, these
compounds were interesting as they demonstrated that parasite tubulin can be
targeted, although it remains to be seen if the problems with in vivo metabolism can
be overcome.

In view of the selective activity of the dinitroaniline and
phosphorothioamidates herbicides on malarial parasites, we considered whether they
might form the basis for development of new anti-malarial agents. There were several
reasons for choosing APM over the dinitroanilines as a starting compound. The ICs
of APM and oryzalin are comparable for cultured parasites (Fennell et al., 2006).
However, oryzalin has been linked with secondary effects in plant cells such as
changing the morphology of the endoplasmic reticulum and Golgi apparatus. This
effect does not occur with other MT inhibitors, most notably APM (Langhans et al.,
2009). Furthermore, oryzalin can also open Ca’" channels and possible even affect
mRNA translation of tubulin (Giani ef al., 2002). These additional targets were

thought likely to affect the assessment of novel derivatives, making it difficult to
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discern what changes are important and why. The solubility of APM is known to be
greater than that of the dinitroanilines which would be an important if an active
compound was developed (Murthy ef al. 1994). Also, the highly lipophilic nature of
trifluralin meant that it was largely trapped in the membranes where it is unlikely to
be active (Naughton ef al., 2008). Six novel derivatives of trifluralin were previously
examined in our lab but did not show any improved activity (Naughton J. A., PhD
Thesis 2007). Finally, in light of the extensive in vivo metabolism associated with the
dinitroanilines, it seemed prudent to use APM as a starting point. Therefore,
collaborators in the department of Pharmaceutical and Medicinal Chemistry, Royal
College of Surgeons in Ireland, Mrs. Christine Mara and Dr. James Barlow, generated
68 mostly novel compounds based on the structure of APM which had never been
tested for their antimalarial activity. The purpose of the work described in this
chapter was to examine the antimalarial activities of these compounds and try to
identify the structural features associated with potent activity so that new, improved
compounds could be synthesised in the hope of identifying a novel antimalarial lead

compound.

4.2 RESULTS

4.2.1 Growth inhibition of cultured P. falciparum by compounds related to
APM

Mrs. Christine Mara synthesized 68 compounds, that fall into four broad
categories, based on the structure of APM (see Fig. 4.1 or the appendix for the
complete list). The purity of these compounds was assessed to be >99% by nuclear
magnetic resonance (NMR) spectroscopy (Mrs. Christine Mara, personal
communication). All the compounds were initially dissolved in DMSO to a final
concentration of 10 mM or 20 mM.

To determine their effects on cultured parasites, a lactate dehydrogenase assay
was employed as described earlier (see section 2.2.2). This assay measures the
concentration at which 50% of the parasite growth is inhibited (ICsp). The highest
concentration that was measured by this assay was 128 uM. Here the compounds are

grouped together based on their structure, with a decreasing order of activity. The
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Fig. 4.1. The schematic structures of the compounds that were used for
determining the tolerance of the synthesised ligands for changes in different
moieties. A) APM  analogues. B) Oxalobenzoates. C)
Phenoxyoxaza(oxathio)phosphinanes. D) Heterocyclic derivatives based on APM.
R1 and R2, variable substituents. These are generalised structures. A complete list

can be found in the appendix.



graphs of the most active compounds (<10 uM) are shown in Fig. 4.2 and the ICs for
all the compounds are displayed in Table 4.1.

The effect of the incubation time for the ICsy was in some cases significantly
different (e.g. CS5 had ICsp of >128 uM and 15 uM at 48 h and 72 h respectively).
This “plateau” effect can be seen with the APM graph (Fig 4.1 A). This was observed
before with other MT inhibitors but it was usually abolished after longer incubation
times (Fennell ez al., 2006 and Fennell ez al., 2003). Another possible explanation for
this result is the delayed death phenomenon which is often associated with plastid-
targeting drugs. Essentially, parasites are capable of completing one 48 h replication
cycle and can still invade new erythrocytes. However, they cannot replicate further
possibly due to the disruption of crucial genes or organelles being passed on to the
next generation (Goodman ef al., 2007). Therefore, it is vital novel inhibitors,
particularly drugs which affect the cell cycle, are incubated with the parasites to
accurately determine their full potential.  Overall, one compound, C70, showed an
improvement against the cultured parasites over APM while C71 was comparable.

The remaining compounds had a range of activities inferior to APM.

4.2.2 Solubility of the compounds in aqueous solution

It was important first to determine the aqueous solubility of these compounds
so that they could be used in subsequent ligand-binding experiments, in particular the
fluorescence quenching assay (see section 2.9.1). To minimise the effort required to
gather the data on all of the compounds, a simplistic approach was taken to estimate
the approximate solubility of these compounds in a particular buffer (MME) with
DMSO (1% (v/v) final conc.). Briefly, the compounds were made up at 100 uM
concentration and measured spectrophotometrically over a range of excitation
spectrums (200 nm — 800 nm) to determine at which wavelength they did not
specifically absorb. Although some compounds were coloured, and some absorbed
only when DMSO was added, this did not affect the results. The infra-red spectrum
(700 nm — 800 nm) was chosen as none of the compounds were able to absorb at this
wavelength. This permitted the detection of compounds which were insoluble under
the conditions tested as they would precipitate out of solution. In these cases the
suspension was able non-specifically to scatter the infra-red light causing an increase

in absorbance. DMSO and buffer alone were used as a blank control in the
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experiment. Taxol was used as a positive control since it was determined accurately
by other methods to have a maximum aqueous solubility of ~12 uM when DMSO
(1% (v/v) final conc.) was present (Sharma et al., 2006). Vinblastine and colchicine
were also examined as they are known to have much higher aqueous solubilities (up
to ~11 mM and ~25 mM respectively according to Sigma-Aldrich). All the samples
were examined for their solubility up to 100 uM after they were incubated at 37°C for
S min. The total absorbance of a compound at a particular concentration was
compared to a DMSO control. A compound was considered insoluble if there was a
statistically significant difference between spectra for the concentration used and the
DMSO control. A solubility range was established by comparing the lowest
concentration at which the compound was still insoluble with the highest
concentration at which it became soluble. Therefore, the final results represent an
approximation of the compound solubility and are not exact values. This was
sufficient information for deciding whether a compound was suitable for the tubulin
fluorescence assay. More exact information could be extracted using this technique
although it was not necessary for these experiments. Trifluralin and taxol were noted
to be particularly insoluble (Fig. 4.3). Since the majority of the APM-related
compounds appeared to be soluble up to at least 100 pM under these conditions, only

the insoluble compounds and the controls are listed in table 4.2.

4.2.3 Binding of APM-related compounds to tubulin

To compare the binding affinities of the compounds to P. falciparum tubulin, a
relative fluorescence quenching experiment was conducted. One concentration (37.5
uM) of a ligand (APM or related compound) was incubated with MBP-al/B-tubulin as
described earlier (see section 2.8.3.2). The quench generated by the APM derivative
was compared to that of APM. The rationale behind this experiment was that this
method should be able to rapidly deduce if a compound has better affinity for the
tubulin than the parent, rather than conducting more labour-intensive Ky
determinations. Eight compounds with a range of activities in the pLDH assay and
various structure types were chosen. Compounds that did not have an aqueous
solubility of >100 uM were avoided as this could affect the results. The results are

presented as a relative quench of the fusion-tubulin fluorescence (Fig. 4.4).
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APM seslogucs
C 48 h (uM| 72h (& 48 h 72h
APM s4 23 €23 64 57
¢70 39 1.6 43 70 59
<71 7.74 4.1 cl8 66 64
2 7.78 78 56 67 64
69 8.1 8.1 cll >128 68
64 32 16 68 >128 78
47 42 16 32 >128 80
33 64 32 cs1 82 84
65 6 32 25 100 86
52 64 32 53 95 94
c48 46 32 €22 >128 98
66 ss 32 cl4 >128 102
58 90 32 c16 >128 18
cd4 41 32 8 >128 >128
43 40 32 2] >128 >128
cs4 46 32 clo >128 >128
3l 64 32 cl2 >128 >128
c42 32 32 c13 >128 >128
63 >128 46 c19 >128 >128
17 32 49 20 >128 >128
cls 110 52 ¢35 >128 >128
c24 49 56 c67 >128 >128
Oxalobenzoates Phenoxy thio)phoph H lic
Compounds ___48h (M) 72 b (uM) Compounds _|_ 484 (uM| 2h c"'"p;’g“"d’ - "32‘”) (2 ",g"m
0 = 22 cs >128 15 & 32 5
el 55 53 <36 19 23 58 >128 126
6 74 84 4l 89 49 57 >128 >128
€27 >128 85 <39 64 58 il zlad zlag
c28 >128 100 37 >128 58
<7 >128 108 <80 64 64
c4 >128 118 ¢38 >128 102
c3 >128 >128 40 >128 120
2 >128 >128
€26 >128 >128
€29 >128 >128
cd9 2128 >128

Table 4.1. ICs of all compounds after 48 h and 72 h incubations, generated using the
pLDH method. At least two identical duplicate experiments were conducted for all the
compounds (n = 2). The four lists represent, in decreasing order of activity at 72 h (except
for APM) the APM analogues (A), oxalobenzoates (B), phenoxyoxaza(oxathio)phosphinanes
(C) and pyridine-based compounds (D).



Compound | Concentration (uM) | p-value insoluble p-value soluble
APM >100 N.A. 0.4553
Oryzalin >100 N.A. 0.6278
Trifluralin 10-25 0.0002 ~ 0.1382
Taxol 10-25 0.0001 0.3464
Vinblastine >100 N.A. 0.3715
Colchcicine >100 N.A. 0.8687
C36 10-25 0.0001 0.8481
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