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ABSTRACT

African trypanosomes, the causative agents of sleeping sickness in

humans and nagana in cattle, have had a devastating impact both

economically and socially on large areas of Africa. Inhibition of

trypanosomal ornithine decarboxylase (ODC) by DL-o-difluoro

methylornithine (DFMO), an irreversible inhibitor of this enzyme, results

in the inhibition of cell growth and a clearing of the parasite from the

bloodstream without serious side effects to the infected host.

We used a well-defined biological system to follow differentiation

from the bloodstream forms to the procyclic forms in vitro in

Cunningham's medium. Interestingly, ODC was found not to play a role in

the differentiation of T. brucei and polyamines did not affect

differentiation from the bloodstream to the procyclic form in vitro. The

ornithine decarboxylase activity in T. brucei showed a gradual increase and

the ODC mRNA level remained constant during the differentiation.

DFMO and putrescine exerted no discernible effects on this process. It

was also found that cAMP does not play a role in the differentiation from

bloodstream form to procyclic forms in vitro. Neither dibutyryl cyclic

AMP nor theophylline exerted any effects upon the differentiation.

It is commonly accepted that bloodstream forms of Trypanosoma

brucei must first be transformed into intermediary and /or short-stumpy

forms in the bloodstream of the mammalian host before differentiation to

the procyclic culture form can occur. Bloodstream forms of pleomorphic

and monomorphic strains of T. brucei differentiated directly to procyclic

forms without an obligatory intermediary or short-stumpy stage. Long

slender bloodstream forms differentiated to procyclic forms with the same

kinetics as intermediary and short-stumpy forms thus demonstrating that
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intermediary and short-stumpy forms are not better adapted than long

slender forms to become procyclic forms in vitro. We also tested the

possibility that monomorphic strains are not capable of differentiating to

the procyclic form since they do not differentiate to the short-stumpy form

in the mammalian host. Since two of the four independent monomorphic

strains of T. brucei tested were capable of differentiating to the procyclic

form and two were not, the capacity to differentiate to the procyclic form

in vitro is not correlated with the ability of being converted from long

slender to intermediary and short-stumpy bloodstream forms.

Two additional indicators for monitoring the process of

differentiation other than observing morphological changes were tested.

We monitored the appearance of two the glycosomal proteins,

phosphoenolpyruvate carboxykinase (PEPCK) and phosphoglycerate kinase

(gPGK), which are differentially expressed during the life cycle of T.

brucei. Assays for the emerging PEPCK by immunoblottings worked well,

with results agreeing closely with the morphological change. But

immunoblottings of gPGK failed to demonstrate a significant decrease in

the protein level upon completion of differentiation. Apparently, gPGK

has a rather long half-life and is unsuitable as a marker of differentiation.

A decrease in temperature from 37°C to 26°C was found to be

required for the in vitro differentiation. We found that the monomorphic

variant of the T. brucei strain TREU 667 did not differentiate to the

procyclic form as the pleomorphic variant did. In order to determine the

cause of this failure to differentiate, protein synthetic activity was assayed

by pulsing cells with [35S]methionine during differentiation of both the

monomorphic and the pleomorphic variants of strain TREU 667 and

measuring the counts in the TCA-precipitable fractions. This activity was



found to be very low in the pleomorphic T. brucei TREU 667 during the

starting point of differentiation. The monomorphic variant, RP-56, which

is incapable of differentiating in vitro, has a much higher protein synthetic

activity than its pleomorphic parent in the bloodstream form. The high

activity and the bloodstream profile of proteins thus synthesized were

unaffected by the decreased temperature in Cunningham's medium until

cell death. Thus, a general inhibition of protein synthesis in the

bloodstream forms may be required for triggering differentiation to the

procyclic form.

In order to further understand the regulation of ODC in

trypanosomes, a full-length cDNA encoding mouse ODC was incorporated

into a transforming vector called p7SA-NEO2 carrying a procyclic acidic

repetitive protein promoter and a neomycin phosphotransferase gene. The

plasmid, pl/OD300, was introduced into the procyclic forms of T. brucei

via electroporation and the transformants, selected under G418, expressed

an ODC activity up to 100 times above the background level. Mouse ODC

was expressed in procyclic form trypanosomes and was found to be stable

for at least 6 hours when protein synthesis was inhibited by cycloheximide.

This stability was not due to a loss of the 37 amino acid carboxyl-terminus

of the protein as evidenced from pulse-labelings and chase experiments

with the irreversible ODC inhibitor (3,43H]DFMO followed by gel

electrophoresis, or with [35S]methionine followed by immunoprecipitation

and gel electrophoresis. Both of these demonstrated that the stable mouse

ODC expressed in T. brucei has the same subunit molecular weight as the

native enzyme. There is no apparent post-translational modification to the

protein, since mouse ODC expressed by trypanosomes can be degraded in

an in vitro rabbit reticulocyte lysate protein stability assay. Therefore, the
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mouse ODC expressed by trypanosomes is probably identical to the native

mouse protein. This stability must be due to the absence of the proteolytic

machinery in trypanosomes present in mammalian cells which is

responsible for the rapid degradation of mouse ODC.
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INTRODUCTION

I.A. CLASSIFICATION

The salivarian trypanosomes in the genus Trypanosoma

belong to the Order Kinetoplastida. Organisms in this order possess a

kinetoplast, a complex DNA-containing network which lies within the

single mitochondrion of the organism and is usually at the base of the

flagellum [148]. The taxonomic classification of Trypanosoma brucei is as

follows:

Phylum Protozoa

Subphylum Sarcomastigophora

Superclass Mastigophora

Class Zoomastigophorea

Order Kinetoplastida

Suborder Trypanosomatina

Family Trypanosomatidae

Genus Trypanosoma

Species Trypanosoma brucei [62]

Trypanosoma brucei is transmitted by the tsetse fly (Glossina spp.)

to cattle and antelope where the parasites multiply by binary fission in the

blood and body fluids. The organisms are found exclusively in tropical

Africa, where their distribution covers a wide belt, approximately between

15°N and 20°S of the Equator [62]. Trypanosoma brucei brucei is non

infective to man but causes nagana in cattle in Western Africa. The



subspecies which infect man are T. b. rhodesiense and T. b. gambiense,

and these cause the disease known as sleeping sickness. T. brucei

rhodesiense causes an acute form of the disease in humans in East Africa

and it is transmitted by Glossina morsitans while T. brucei gambiense is

the causative agent of a chronic form of sleeping sickness found in West

Africa and is transmitted by Glossina palpalis. The three subspecies are

morphologically indistinguishable from each other. The vector

distributions of the latter two subspecies are different and are used as

criteria for differentiating the two. The tsetse flies in the Glossina palpalis

group are found near rivers and streams and the flies in the G. morsitans

group inhabit savannah areas.

B. LIFE CYCLE

The African trypanosomes are transmitted to humans, cattle, and

antelope via the bite of the tsetse fly (Glossina spp). Tsetse flies are

distributed throughout East, Central and West Africa over an area covering

approximately 10 million km2. It is estimated that less than 1% of the
tsetse fly population in the wild is infected with brucei-type trypanosomes

[63]. During their development, the trypanosomes undergo a series of

stage-specific morphological and biochemical changes which are unique in

each host (Figure I-1). All of the developmental stages in both hosts are

extracellular; no intracellular stages have ever been described for the

African trypanosomes [146]. When the tsetse fly bites a mammalian host, it

deposits metacyclic trypomastigotes in the dermal connective tissue and a

chancre develops [147]. From the site of the chancre, the parasites migrate

into the lymphatic vessels and then into the bloodstream. They are able to

traverse the walls of capillaries and lymphatic vessels into the connective
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Figure I-1. Life cycle of Trypanosoma brucei.

(From: Vickerman, K. in Ecology and Physiology of Parasites. 1971.

University of Toronto Press.)



tissue spaces. In late-stage sleeping sickness the organisms cross the

choroid plexus and are found in the brain and cerebrospinal fluid [147].

Rhodesian sleeping sickness is similar to Gambian sleeping sickness except

for its much more rapid time course. T. b. rhodesiense parasites invade

the CNS within weeks and can cause death in a few months [4].

The early stages of sleeping sickness are characterized by recurring

bouts of fever correlating with successive waves of parasitemia [95]. These

waves represent antigenically distinct populations of trypanosomes

possessing different variant surface glycoprotein (VSG) coats (see section I

E). The trypanosomes are thus able to evade the host's immune response

[21]. There are three morphological forms of the parasite found in the

blood of animals infected with pleomorphic variants: the long-slender,

intermediary, and short-stumpy forms. When the parasitemia rises, the

slender forms proliferate and their numbers increase and as the wave of

parasitemia falls the stumpy forms predominate. Monomorphic variants

produce infections in which only long-slender forms are seen [5,149].

Monomorphic variants of T. brucei can be produced in the laboratory

after numerous syringe passages of pleomorphic strains through rodents.

The short-stumpy forms are non-dividing cells and are believed to develop

from long-slender forms. It is generally assumed that short-stumpy forms

are the only infectious form to the tsetse fly vector [20,147,148]. While in

the bloodstream, the trypanosomes utilize glucose as the primary energy

source, their single mitochondrion is underdeveloped and glycolysis is

used exclusively for ATP production, and they possess a glycoprotein coat

called the variable surface antigen (VSG) [21, 42].

When the tsetse fly ingests infected blood, the ingested bloodstream

forms transform in the lumen of the fly midgut into the procyclic (culture)



form at 26°C. Transformation is accompanied by a loss of the VSG coat

[98), production of the procyclic acidic repeat protein coat (PARP)

[117,154), utilization of proline as the primary energy source [146],

expansion of the mitochondrion to full function [146,148), a metabolic

switch to oxidative phosphorylation for ATP production [146], and an

overall enlargement of the organism [146,148]. The procyclic form is not

infectious to the mammalian host [146].

The procyclics continue their development in the tsetse fly by

invading the ectoperitrophic space and migrating up to the proventriculus

into the salivary glands. In the salivary glands the procyclics differentiate

first into dividing epimastigotes which attach to the microvilli of the

epithelial cells of the insect via their flagellum. The epimastigotes then

transform into metacyclic trypomastigotes. The metacyclic forms cease

dividing, acquire the VSG coat [146], the mitochondrion becomes

unbranched, functional glycosomes appear, and the morphology resembles

long-slender bloodstream forms [147]. The metacyclic trypanosomes are

infectious to mammals and the life cycle will begin again when these

organisms are deposited under the skin of the next mammalian host by the

bite of an infected tsetse fly.

It is very simple to monitor the differentiation of bloodstream

forms to procyclic forms in vitro using various culture systems. The

procyclic forms in culture are identical, both morphologically and

biochemically to the insect form procyclics [104,114]. Some of the culture

systems require a feeder layer of fibroblast cells while others do not.

Cunningham [34] developed a well-defined medium based on the

biochemical constituents of the tsetse fly midgut contents. There is a high

concentration of the amino acid proline and several of the organic acids in



this medium. Cunningham's medium was designed to mimic the natural in

vivo environment of the tsetse fly midgut minus the cellular components.

Other defined media such as SDM-79 used by various labs [39,127] were

not developed to mimic the biochemical composition of the tsetse fly

midgut. Some laboratories reported having to acclimate the trypanosomes

before exponential growth is attained [18,35]. This usually means that over

97% of the bloodstream trypanosomes have died in the medium within the

first twenty-four hours of differentiation. In this way, a selected group of

differentiated cells may be accumulated as opposed to a "natural"

transformation where most, if not all, of the cells are undergoing the

process of transformation.

C. CURRENT TREATMENT OF AFRICAN TRYPANOSOMIASIS

With the exception of DL-o-difluoromethylornithine (DFMO,

eflornithine), the trypanocidal drugs currently in use have been available

for the past 25–80 years. In early-stage infections of sleeping sickness

caused by T. b. gambiense and T. b. rhodesiense, parasites are restricted to

the blood, lymphatics, and interstitial spaces. Current treatment of early

stage infections consists of the parenteral administration of pentamidine

(LomidineR) for those caused by T. b. gambiense and suramin (Bayer

205, Antrypolº) for those caused by T. b. rhodesiense. Both compounds
are toxic and the patients must remain in the hospital for approximately

6 weeks while receiving treatment [77,152]. In the late-stage form of the

disease the trypanosomes are present in the central nervous system. The

current therapy is the parenteral administration of organic arsenicals.

Melarsoprol (Mel B), a trivalent arsenical, is the drug of choice and has

been in use since the 1940s. It is administered intravenously and is highly



effective against the encephalitic stage of Gambian and Rhodesian sleeping

sickness but severe reactions occur and the incidence of mortality due to

reactive arsenical encephalopathy is estimated to occur in 1% - 10% of the

patients [2] and death in 1% - 5% of the cases [2]. Melarsonyl (Mel W),

another trivalent arsenical, is used in those cases where an intravenous

route is not possible [151].

Recently, DFMO, an irreversible inhibitor of ornithine

decarboxylase (Figure I-2) has been shown to be effective against early

stage sleeping sickness in experimental infections in mice caused by T. b.

brucei [7,81,129) and in humans infected by the human pathogens, T. b.

gambiense and T. b. rhodesiense [128,145]. DFMO depletes the

bloodstream trypanosomes of polyamines and arrests cell growth [6]. The

effects of DFMO on trypanosomes are thought to be mainly cytostatic

rather than cytolytic and require an immune response to clear the drug

arrested parasite from the blood [19]. ODC of trypanosomes may not be

the only factor involved in the toxicity of DFMO. Fairlamb et al. [43]

demonstrated that DFMO depletes the cofactor trypanothione by 66% in

trypanosomes after 12 hours of treatment of infected mice. Trypanothione

is a novel cofactor found in trypanosomes for glutathione reductase, which

contains two glutathiones conjugated to spermidine [45]. Trypanothione is

believed to be essential for the maintenance of intracellular thiols in the

correct redox state and in the removal of hydrogen peroxide from the

parasite [44,45]. Therefore, depletion of trypanothione may be another

factor in the selective toxicity of DFMO. The conclusions from the clinical

trials on human sleeping sickness patients were that DFMO rapidly kills the

parasites within a few days, it is effective against early and late-stage

sleeping sickness, and there are very few side effects to the host [6,123].
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A complete understanding of the mechanisms controlling the growth

and differentiation of T. brucei in the mammalian host will facilitate the

development of rational drug design to treat African sleeping sickness.

D. MOLECULAR BIOLOGY

a. Genetics

It is well established that the genomes of both the bloodstream form

and the procyclic forms of T. brucei are diploid [22]. Borst et al. [22]

estimated that the diploid genome of T. brucei contains 5 x 107 base pairs.
Genetic exchange in the African trypanosomes occurs in the tsetse fly, but

the exact mechanisms have not been described morphologically or with

genetic experiments [75,132]. The reason for this is that the chromosomes

of trypanosomes cannot be condensed and viewed as a karyotype so studies

on segregation of alleles, recombination between loci and reassortment of

homologous chromosomes cannot be done cytologically. However, the

chromosomes can be visualized by pulse-field gradient electrophoresis

(PFGE) and it's estimated that the diploid chromosome number is 120

[142,143]. This technique resolves the chromosomes of T. brucei into

three classes: DNA which remains in the slot, megabase chromosomes, and

minichromosomes. There are at least 20 megabase chromosomes ranging

in size from 700-4000 kb and 100 minichromosomes which are from 25

150 kb.

The genes which have been cloned and sequenced from T. brucei

include the following: VSG [17], calmodulin [138], ODC [110],

phoshoenolpyruvate carboxykinase (PEPCK) [72], triosephosphate

isomerase [134], phosphoglycerate kinase [95], glyceraldehyde phosphate

dehydrogenase [87], heat shock protein 70 [55], ubiquitin [69], actin [13],



glycosyl-phosphatidylinositol-specific phospholipase C (GPI-PLC) [26] and

proacidic repeat protein (PARP) [90]. All of these have been cloned

through cross hybridization to their counterpart eukaryotic genes with the

exception of PARP and VSG.

b. Disconti
- - -

lf. ion of RNA i

tryparløSOrtleS

Maturation of all mRNA in trypanosomes occurs through the trans

splicing of two exons that are transcribed on separate genes. Prior to

processing, the gene transcripts are in the form of long polycistronic units

from which several mature mRNAs will be generated by trans splicing to a

5' exon [1,103). The 5’ exon, known as the 'spliced leader' or 'mini-exon'

because it is not encoded contiguously with the structural gene sequences,

contributes a capped 39 nucleotide exon [107]. The mRNA spliced leader

(SL) is encoded within a 1.4 kb gene found as tandem repeats of 200 copies

within the genome. The transcript of the SL gene (SL RNA or medRNA)

is approximately 135-147 nucleotides and the RNA is encoded continuously

within the 1.4 kb repeat unit and contains the 39 base sequence at its 5' end

[106]. The SL RNA contains a cap structure and is synthesized by RNA

polymerase II. The leader sequence is donated from the SL RNA to pre

mRNAs by trans splicing. The SL RNA is spliced on to the acceptor RNA

in an event that is similar biochemically to that of cis splicing in other

eukaryotes. The acceptor splice sites at the 5' splice site of the SL RNA

and the 3' splice sites of the pre-mRNAs fit the consensus sequences,

5/GU3' and 5'AG/3', respectively [106]. Trans splicing involves the

cleavage of the SL intron boundary (100 nucleotides), followed by trans

esterification of the 5' phosphate on the intron and joining of this intron
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through a 2'-5' phosphodiester bond to the donor RNA to form a Y-shaped

branched RNA [107]. A trans-esterification reaction between the 3'

hydroxyl group of the 39 nucleotide mini exon and the intron boundary of

the acceptor mRNA releases the branched RNA which contains both

introns, and forms the mature mRNA [1,106].

c.Kinetoplast DNA (kDNA)

Trypanosomes contain a specialized DNA-containing organelle called

the kinetoplast. The kinetoplast is located at the base of the flagellum and

is composed of a catenated network of interlocked, circular DNA

molecules called maxicircles and minicircles. The kinetoplast was the first

extranuclear DNA to be discovered in eukaryotes [93) and it is easily

visualized by light microscopy after staining with giemsa. Electron

microscopy has shown that each kinetoplast network consists of

approximately 10,000 minicircles and approximately 50 maxicircles [92].

The maxicircles are homogeneous in sequence, approximately 22 kb,

and are homologous to mitochondrial DNAs [48]. The maxicircle genes

code for the mitochondrial ribosomal 9S and 12S RNAs (93], and enzymes

of the mitochondrial respiratory system such as cytochrome b (CYb) [15],

cytochrome oxidase subunits I and II (COI and COII) [60, 65,102], and

NADH dehydrogenase subunits 4 and 5 (ND4 and ND5) [29]. There are

also transcribed regions called MURFs (mitochondrial unidentified reading

frames) for which there is no known function for the putative translation

products [46,48].

The minicircles are heterogeneous in sequence and unrelated to the

maxicircles [46], approximately 1 kb, and the function of these has been a

mystery for a long time [126]. Rohrer et al. [119) were the first to report
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direct evidence for the transcription of the minicircles of T. brucei during

the in vitro differentiation of the strain TREU 667 from long-slender to

procyclic forms. Filter hybridization and S1 nuclease protection studies

demonstrated that a minicircle transcript of 240 nucleotides was

synthesized by isolated mitochondria, and was present in bloodstream

forms and procyclic forms, but was 3-fold higher in the procyclic forms

than in the long-slender forms. These authors did not know the identity of

the translation product of the 240 nucleotide transcript.

It is now known that there are genes in the minicircles which code

for guide RNAs, molecules which are necessary for the process of RNA

editing of mitochondrial transcripts in trypanosomes [46]. RNA-editing is

an RNA modification activity which allows internal additions of uridine to

mitochondrial transcripts [14,47]. RNA-editing appears to be develop

mentally regulated, is very specific, and has been found to occur in both

the coding and noncoding regions of transcripts. Developmentally

regulated additions of uridine to the mitochondrial enzymes may alter the

sequence required for the translation in bloodstream forms and procyclic

forms.

E. DIFFERENCES BETWEEN THE BLOOD FORM AND THE

INSECT FORM

The transformation of Trypanosoma brucei from the bloodstream

form to the insect form is accompanied by profound changes in the

expression of surface antigens, nutrient utilization by the trypanosomes,

and energy metabolism of the trypanosomes (Figure I-3). The differential

expression of genes is regulated in a stage-specific fashion. The exact

12



mechanisms controlling the stage-specific expression have not been

elucidated and are currently under investigation.

Each bloodstream trypanosome is covered with a dense layer of

protein (10% of the cell protein) that consists of a single type of

glycoprotein called the variant surface glycoprotein (VSG). There is no

evidence yet that more than one VSG type is on each cell. A single layer of

the glycoprotein covers the entire cell surface and flagellum of this

organism. The coat is 12-15 nm thick. VSG has a molecular weight of

approximately 60 kDa, is composed of 450 amino acids and 7-17%

carbohydrate and is anchored to the lipid bilayer via a phosphati

dylinositol-containing glycolipid anchor [38]. The glycoprotein is arranged

into two domains, the N-terminal domain which is variable among the

different VSGs, and the C-terminal domain which is relatively constant.

This tight packing of the glycoprotein presumably prevents the exposure of

other surface proteins on the trypanosomes in the bloodstream [21].

Each VSG coat results from the expression of a single VSG gene

called the "basic copy" VSG gene. These genes are approximately 1.4 Kb

long and exhibit high sequence variability in the region that encodes the

surface antigenic determinants. It's estimated that there are approximately

1000 silent VSG genes (basic copy genes) in the trypanosome genome

[144].

Basically, each bloodstream form trypanosome expresses a single

VSG gene and carries a particular surface variant antigen type (VAT)

which corresponds to the VSG on the cell surface. African trypanosomes

are able to switch spontaneously from the expression of one VSG to
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another and thereby alter the particular VAT which is exposed to the host's

immune system. When the metacyclic trypamastigotes are introduced into

the host's bloodstream via the bite of an infected tsetse fly, a set of various

VATs are present in the population of these infectious forms. As the

parasitemia mounts, the host's immune system will eliminate organisms

with the major VATs, but some of the parasites will escape the host's

immune system and survive to produce another wave of parasitemia. This

spontaneous switching of one VAT to a different VAT occurs in one

trypanosome out of every 105 organisms. This allows the parasite

population to keep ahead of the host's VSG-specific antibody response.

The silent or basic copy (BC) VSG genes are arranged in tandem

arrays on several of the larger chromosomes. The active VSG gene is

invariably located at a telomere and in a region called a VSG expression

site [143]. There are two mechanisms by which antigenic switches can

occur. In the first, the VSG basic copy gene is activated by a DNA

rearrangement event that translocates the VSG gene to an active telomeric

expression site. The most well-known example of this is the duplicative

transposition of the basic copy gene from an internal chromosomal site or a

telomeric location to the expression site [141] whereby a copy of a basic

copy VSG gene can replace in part or entirely the previously active VSG

gene at that expression site. In the second mechanism, the resident

expression site becomes transcriptionally inactivated and a new expression

site is transcriptionally activated [142,143].

The bloodstream form trypanosomes contain a highly active

glycosyl-phosphatidylinositol-specific phospholipase C (GPI-PLC) which

specifically cleaves dimyristoyl glycerol from the VSG GPI anchor,

thereby converting the membrane form of VSG (mfWSG) to a soluble form
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(sVSG) [42,141]. The enzyme may be involved in the slow release of VSG

from the plasma membrane of actively dividing bloodstream-form

trypanosomes during antigenic variation and/or in the release of the VSG

coat during or after differentiation of bloodstream form trypanosomes to

the procyclic form. Mensa-Wilmot et al. [85] demonstrated that both GPI

PLC protein and mRNA are much lower in procyclic trypanosomes than in

bloodstream forms. It is unknown if the expression of both VSG and GPI

PLC is coordinately regulated during differentiation.

When the bloodstream forms are ingested by the tsetse fly, the

transcription of VSG mRNA declines dramatically [71], the VSG protein

coat is shed, and a new procyclic-specific antigenic coat called procyclic

acidic repeat protein (PARP) is produced by the trypanosomes.

b. I form- fi º rotein: pr lic acidi
-

The glycoprotein coat found distributed over the surface of both

the culture form and the tsetse fly midgut form trypanosomes (procyclics)

is called the procyclic acidic repeat protein (procyclin or PARP) [104,114].

The procyclins are composed predominantly of (Glu-Pro) or (Gly-Pro

Glu-Glu-Thr) repeats and are anchored in the plasma membrane by a

glycosylphosphatidylinositol residue connected to the C-terminus [31]. The

apparent subunit molecular weight of the procyclins on silver stained gels

is between 30-40 kDa [114]. There are approximately 6 x 106 copies of

procyclins covering the surface of each trypanosome [155].
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Figure I-3. Differences between bloodstream and procyclic forms.
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There are eight PARP genes encoded at four separate loci, distributed over

four chromosomes [90]. There are two A loci, one B1 locus, and one B

locus. Each locus contains an upstream (o) gene and a downstream (3)

gene, arranged in a tandem array [90]. The PARP genes are not found

near telomeres (90). Clayton et al. [30) showed that the PARP mRNA

levels were at least 1,000 times more abundant in the procyclic form than

in the bloodstream form. During the differentiation from the bloodstream

form to the procyclic form in vitro there is a rapid increase in procyclin

mRNA [117). Ziegelbauer and Overath [154] determined that the procyclin

protein was detectable 4 hours after initiating in vitro differentiation of the

bloodstream to the procyclic form, and became fully expressed by the

trypanosomes after 12 hours of incubation. Conversely, the level of

membrane form VSG remained constant for 4 hours and then decreased

with a half-life of approximately 8 hours. Thus, the synthesis of procyclin

before VSG release ensures that the trypanosomes are never without a

dense surface glycoprotein layer. As differentiation proceeds, procyclin

replaces VSG on the surface of the trypanosomes. The exact function of

PARP is unknown, but it may be an important adaptation to life in the

tsetse fly midgut and may serve to protect the trypanosomes from the

serum components ingested by the fly and from proteases in the midgut

[116).

c. Energy metabolism, bloodforms vs. insect forms

The bloodstream form of T. brucei has a poorly developed

mitochondrion, with a simple linear form and almost no cristae as seen

with transmission electron microscopy [148]. Cytochromes are absent and

the Krebs cycle is nonfunctional [23]. The bloodstream trypanosomes are

17



entirely dependent upon glycolysis for the production of ATP [92] and the

rate of glycolysis in bloodstream forms proceeds at the very high rate of

85 nmole glucose min−1(mg protein)-1 [24]. Glucose from the host's

bloodstream is the preferred energy source and pyruvate, the end-product

of glycolysis, is excreted into the bloodstream [147]. Seven of the

glycolytic enzymes are found in the glycosome, an organelle found only in

the Trypanosomatidae (92). The glycolytic enzymes within the glycosome

are hexokinase (HK), phosphoglucose isomerase (PGI),

phosphofructokinase (PFK), aldolase (ALD), triosephosphate isomerase

(TIM), glyceraldehyde-phosphate dehydrogenase (GAPDH), and

phosphoglyerate kinase (PGK) [92].

The procyclic form has a well-developed, expanded mitochondrion

with branching, discoid cristae [147] and a cytochrome-mediated terminal

respiratory system. The expansion of the mitochondrial system can be

correlated with the acquisition of succinoxidase activity and the marked

augmentation of the ability of the trypanosomes to oxidize o-ketoglutarate

and proline [23,147]. The insect forms metabolize amino acids, in

particular proline which is very high in the tsetse fly midgut [147].

There is no change in the number of glycosomes in the procyclic

form but there is a decrease in the specific activity of several of the

glycolytic enzymes in this organelle [92]. Aman and Wang [3] demonstrated

that between 80-100% of the activities of HK and PGK in the bloodstream

glycosome are lost in the procyclic glycosome. Glycosomal PGK has a

very high specific activity in the bloodstream form but is reduced by 10

20-fold in the procyclic form [99]. The enzyme phosphoenolpyruvate

carboxykinase (PEPCK) is very high in the procyclic glycosome but is

absent from bloodstream form glycosomes [99]. Durieux et al. [41]
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demonstrated that PEPCK increases 300-400% during in vitro

differentiation of the bloodstream form to the procyclic form in SDM-79

medium.

d. Differential ion of mitochondrial blood■
-

forms

The production of the mitochondrial respiratory system in T. brucei

is under developmental control. During differentiation from the

bloodstream form to the procyclic form the enzymes of the mitochondrial

respiratory system are differentially expressed. Several of the maxicircle
genes are regulated at the transcriptional level which results in the

differential expression of maxicircle genes between slender bloodforms and

procyclics. Feagin et al. [48] used the monomorphic strain EATRO 164 and

the pleomorphic strain STIB 388 to compare the maxicircle transcript

levels in different developmental stages of T. brucei. Long-slender and

procyclic forms of EATRO 164 were compared to long-slender and short

stumpy forms of STIB 388. Northern blot hybridization analysis

demonstrated that COII and CYb mRNA levels were higher in short

stumpy and procyclic forms than in long-slender bloodstream forms.

NADH dehydrogenase mRNA levels were fairly similar in all life-cycle

stages and mitochondrial RNA transcripts were higher in short-stumpy and

procyclic trypanosomes than in long-slender forms.

Michelotti and Hajduk [89] used a well-defined biological system to

follow the developmental regulation of mitochondrial gene expression in T.

brucei. They used the T. brucei strain TREU 667 and monitored the

differential expression of maxicircle genes during the differentiation of

long-slender, intermediary, and short-stumpy populations in Cunningham's
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medium at 26°C. They demonstrated that the level of mitochondrial

transcripts is highly regulated in the bloodstream developmental stages of

T. brucei. The mitochondrial 9S and 12S rRNA transcripts are 15-fold

higher in short-stumpy and procyclic forms than in long-slender forms.

CYOII mRNA is highest in short-stumpy and procyclic forms and ND5

transcripts are not significantly reduced in slender populations.

Another mitochondrial enzyme, ATP synthase has been shown to be

developmentally regulated. Williams et al. [150) followed the level of

protein expressed in the long-slender, short-stumpy, and procyclic forms

of TREU 667 by enzyme assay and Western blot analysis. The ATPase

activity of the procyclic form was 3-fold greater than that of the long

slender form and 1.5-fold higher than that of the short-stumpy forms.

The significance of partial expression of the mitochondrial ATPase in the

long-slender form in the absence of coupling to a normal electron transport

chain is unknown.

Torri and Hajduk [136] examined the expression of the nuclear

encoded cytochrome c protein and transcripts during the in vitro

differentiation of TREU 667 in Cunningham's medium at 26°C. No

cytochrome c protein was detected in long-slender or short-stumpy cell

lysates. However, cytochrome c protein was detectable within 20 hours of

differentiation of bloodstream forms in Cunningham's medium and the

expression of cytochrome c increased during the in vitro differentiation

process. There is at least 100 times more cytochrome c in fully

differentiated procyclic forms as demonstrated by Western blot analysis.

When RNase T1 analysis was used to measure RNA levels from equal cell

equivalents of RNA in the different life-cycle stages, it was found that the

procyclic form expressed a 5-fold higher level than either of the
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bloodstream forms. Since this 5-fold difference in transcript levels does

not account for the 100-fold difference in protein level between the

procyclic and the bloodstream forms, Torri and Hajduk [136] concluded

that the regulation of cytochrome c expression is by a posttranscriptional

mechanism.

Cytochrome c reductase is also developmentally regulated in T.

brucei. Priest and Hajduk [112] demonstrated that the bloodstream forms

of TREU 667 possess RNA transcripts for cytochrome c reductase at levels

that approach those of the procyclic form but there is no detectable enzyme

activity in the bloodstream form. When the differentiation of TREU 667

bloodstream forms was monitored in Cunningham's medium at 26°C, the

cytochrome c reductase subunits II and IV were first detected by Western

blot analysis at about six hours after the start of differentiation. Priest and

Hajduk concluded that since the steady state levels of cytochrome c

reductase subunits were not detectable in the bloodstream forms, the

expression of functional cytochrome c reductase involves the coordinate

regulation of the expression of the individual subunit proteins.

F. FACTORS AFFECTING DIFFERENTIATION

At different stages in their development, the trypanosomes are

expressing different genes. The mechanisms responsible for switching

bloodstream-specific and procyclic-specific genes on and off are unknown.

It has been generally believed that the differentiation of African

trypanosomes from long-slender bloodstream forms into procyclic forms

must proceed through an intermediary and a short-stumpy stage.

Robertson [115] and later Wijers and Willet [149] observed that the

infection rate of tsetse flies with T. b. gambiense was influenced by the
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absolute number of short-stumpy forms present at the time of the infected

feed. Ashcroft [5] attempted to infect tsetse flies with a monomorphic

strain of T. b. rhodesiense. This strain, which has only long-slender

bloodstream forms, infected the flies very poorly, thus supporting the

hypothesis that short-stumpy trypanosomes are the only infectious form to

the vector. Biochemical analyses of the short-stumpy forms have implied

that they are pre-adapted for life in the tsetse fly midgut. Feagin et al.

[48,49) and Michelotti et al. [89) have shown that mitochondrial transcripts

are lower in long-slender forms than in intermediate, short-stumpy, and

procyclic forms. Since the bloodstream forms preferentially utilize

glycolysis for ATP production and the procyclic form utilizes oxidative

phosphorylation, one can argue that the long-slender forms are not pre

adapted for differentiation in the tsetse fly to the procyclic form. On the

other hand, Czichos et al. [35] were able to transform the monomorphic

strain 427 to the procyclic form in vitro. Czichos and Jenni (unpublished

experiments) were also able to transform strain 427 to procyclic forms in

the tsetse fly. Since monomorphic variants produce only long-slender

forms in the mammalian host, these results suggest that the long-slender

forms are indeed capable of differentiating into the procyclic form even

though they are not producing high levels of cytochrome b or cytochrome

mRNA transcripts.

Both a decrease in temperature and the presence of the TCA-cycle

intermediates cis-aconitate and L-citrate have been suggested as triggers of

differentiation. Czichos et al. [35] transformed the monomorphic strain

427 to procyclic forms in vitro. The bloodstream forms did not

differentiate to procyclic forms at 37°C and required both the presence of

5 mM cis-aconitate and 5 mM L-citrate for differentiation to occur at
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26°C. Also it has never been reported that procyclic forms have been

found in the blood of the mammalian host and there are no known

procyclic mutants which grow at 37°C.

The possibility that polyamine depletion is a trigger for

differentiation was proposed by Giffin et al. [52]. In this study the

monomorphic strain EATRO 110 was converted to a putative intermediate

form and a putative short-stumpy form in vivo by the inhibition of

polyamine biosynthesis using difluoromethylornithine. The morphological

change was accompanied by an increase in activity of the mitochondrial

marker enzyme, NAD diaphorase [52]. Interestingly, when

the "intermediate" and "short-stumpy" forms were inoculated into

procyclic culture medium and only the "intermediate" forms were able to

differentiate to the procyclic form. These authors concluded that a

depletion of polyamine biosynthesis, in particular an inhibition of ornithine

decarboxylase, was required for differentiation from bloodstream to

procyclic form.

Fluctuations in cyclic AMP have also been investigated. Mancini and

Patton [79] measured cAMP levels during the wave of parasitemia caused

by pleomorphic T. brucei. They found that cAMP levels were higher in

the short-stumpy form than in the long-slender form. The implication is

that since the short-stumpy form is presumed to be the only form capable

of differentiation to the procyclic form, then a stimulus which blocks this

increase in cAMP should prevent differentiation to the procyclic form.

II.A. DIFLUOROMETHYLORNITHINE

DL-o-difluoromethylornithine is an enzyme-activated irreversible

inhibitor of eukaryotic ODC (86). DFMO is an ornithine analog and is
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decarboxylated by ODC (Figure I-2). This decarboxylation leads to the

generation of a highly reactive electrophilic intermediate which in turn

reacts with a nucleophilic center at the active site of the enzyme to form a

covalent bond, thus irreversibly inactivating the enzyme [105]. DFMO

treatment of eukaryotic cells both in vitro and in vivo causes the depletion

of intracellular polyamine pools and this effect is reversed by the

concommitant administration of putrescine. The highly specific covalent

link between DFMO and ODC has provided an important tool for studies

on the biochemistry and regulation of the enzyme. For example, it is very

simple to determine the turnover of ODC protein in vivo [124] and the

subunit molecular weight of eukaryotic ODC in vitro [54] by labeling the

active protein with [3H]DFMO. This has also been useful for determining

the cellular localization of ODC. For example, most of the ODC in the

male mouse kidney was found to be present in the cells of the proximal

tubules by this technique and specifically in the cytoplasm of these cells

[153].

DFMO has also been used extensively to amplify the ODC gene by

exposure of cells to the drug. Amplification leads to an increase in ODC in

mammalian cells and Leishmania [33,57] but not in T. brucei [12,111].

One of the most striking examples of DFMO-induced gene amplification is

the mouse S49 lymphoma cell line variant D4.1 isolated by McConlogue

and Coffino [83]. The D4.1 cells produce 300-fold more ODC than

untreated cells and the ODC amounts to 15% of the total protein made by

the cells. The tremendous amount of mRNA produced by these mutants

facilitated the cloning of full-length mouse ODC cDNA [83]. DFMO was

used to isolate an ODC mutant of Leishmania donovani, DFMO-16, which

expressed a 15-fold higher level of ODC than its wild type parental cell
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line. This ODC overproduction was attributed to a 15-fold increase in the

expression of ODC transcripts and an equivalent amplification of the ODC

gene copy number [57]. The DFMO-resistant mutant facilitated the

cloning of the leishmanial ODC gene [57].

DFMO is very effective in the treatment of African trypanosomiasis

(see section I C). It has also been used to treat coccidiosis (Eimeria

tinella) in chickens [58], and Pneumocystis carnii in AIDS patients.

B.ORNITHINE DECARBOXYLASE OF EUKARYOTES

Ornithine decarboxylase (ODC) is the initial and rate-limiting

enzyme in the polyamine biosynthetic pathway [105]. The enzyme is a very

minor component of the total soluble protein in most cells, usually

representing less than 0.0001% of the total soluble protein [105]. ODC is a

pyridoxal-phosphate-dependent enzyme and catalyzes the conversion of

ornithine to putrescine (Figure I-2). This reaction provides the sole source

of putrescine in mammalian cells. Putrescine is then combined with

decarboxylated S-adenosyl-L-methionine to form spermidine by the action

of spermidine synthase. Spermidine is then combined with decarboxylated

S-adenosyl-L-methionine to form spermine via spermine synthase.

Polyamines are aliphatic cations and their exact function in the cell is

unknown. It is known that the polyamines are required for normal cell

growth. Cells that are depleted of polyamines through the use of ODC

inhibitors become arrested in either the G1 or the G2 phase of the cell

cycle [105]. The Chinese hamster ovary cell line, C55.7, lacks ornithine

decarboxylase and does not synthesize putrescine. Putrescine must be

present in the tissue culture medium [131] for growth of the C55.7 cell

line.
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The polyamine synthetic pathway and the makeup of the polyamine

pools in African trypanosomes are fairly well understood [8]. Ornithine is

converted to putrescine via ODC exclusively and spermidine and spermine

are apparently formed via the same metabolic pathway observed in

mammalian cells [8]. Polyamines appear to be required for cell growth

since spermidine and spermine levels are highest in the early log growth of

long-slender T. brucei bloodstream forms. Inhibition of polyamine

biosynthesis reduces polyamine levels and inhibits growth of trypanosomes

[7].

ODC and the gene encoding it have both been well characterized.

The protein has been purified from several mammalian tissues [135), from

slime mold [61], and T. brucei [110]. The genomic clones of ODC from

mouse [32], yeast [50], T. brucei [110], and Leishmania donovani [57] have

been analyzed. An analysis of the gene encoding the mouse ODC has

indicated that the amino acids 423-449 in the carboxyl terminus of the

protein could be a signal for ODC degradation [113,118] (Figure I-4).

Mammalian ODC has a very rapid turnover rate. The half-life has been

reported to be 15 minutes in rat and mouse tissues [121] and 20-30 minutes

in ODC deficient CHO cells expressing a full-length mouse ODC cDNA

[53,54].

Interestingly, the ODCs of three species in the Family

Trypanosomatidae, T. brucei, Leishmania mexicana mexicana, and

Leishmania donovani, have very long half-lives in excess of 6 hours

[57,110,122) (Figure I-5). The ODC from L. m. mexicana has not been

cloned so it is unknown if the protein has any PEST sequences. The

sequence of L. donovani ODC has been determined and it does not possess

a carboxyl-terminal portion present on the mouse ODC[57]. The
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sequence of the T. brucei ODC has been determined. Within a common

376 amino acid core region of homology there is a 69% sequence identity

between the mouse ODC and the T. brucei ODC [110]. The major

difference between the T. brucei ODC gene and the mouse ODC gene is the

presence of a 37 amino acid extension on the carboxyl-terminus of the

mouse gene. This sequence has been shown to be involved in the rapid

turnover of mouse ODC (see section II. C.)(Figure I-4). The removal of

the 37 amino acid carboxyl extension from mouse ODC has no effect on

enzyme activity (84). Ghoda et al.[53] showed that addition of this

carboxyl-terminal extension to T. brucei ODC shortens the half-life of the

protein expressed in CHO cells.

C.ORNITHINE DECARBOXYLASE REGULATION IN EUKARYOTES

The expression of ODC in eukaryotes may be regulated at four

separate levels; transcriptional regulation [66,67], translational regulation

[66), post-translational modifications and interactions [66], and protein

turnover of the enzyme (53,54,77,78,113,120). In many situations one or

more of these regulatory mechanisms control ODC enzyme activity.

Mitogens such as fibroblast growth factor, platelet-derived growth

factor, and 12-O-tetradecanoylphorbol-13-acetate (TPA) increased ODC

mRNA in BALB/c 3T3 fibroblasts and therefore ODC specific activity

[67]. Testosterone treatment of male mice resulted in an increase in

immunoreactive ODC from 0.004% to 0.05% of cytosolic protein [64].

The increase in ODC was in part due to a 10 to 20-fold increase in the

steady state level of ODC mRNA. A series of DFMO-resistant mouse

lymphoma S49 cells has also been characterized [82]. The mutants were

resistant to very high levels of DFMO (10 mM) and had elevated ODC
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activity. This was attributed to ODC gene amplification. Two of the

mutant cell lines had increases in steady state ODC mRNA levels.

Polyamines may regulate translation of ODC mRNA in mammalian

cells. Most of the evidence for this conclusion is based on studies of the

incorporation of radioactivity into the ODC of DFMO-resistant mutants as

a measure of ODC synthesis. Persson et al. [108] isolated DFMO-resistant

mutants of the L1210 cell line. The ODC in these cells represented 4-5%

of the soluble protein and the high expression was due to amplification of

the ODC gene. When the cells were grown in the absence of DFMO,

putrescine and spermidine levels increased, and ODC synthesis decreased.

The change in ODC synthesis was not associated with a decrease in the

amount of ODC mRNA, demonstrating translational control of ODC in

these cells. Van Daalen Wetters et al. [140) tested whether differential

incorporation reflected differential synthesis of ODC. Using the ODC

overexpressing cell line D2.88, they measured the incorporation of

[35S]methionine into ODC with labeling times varying from 4 minutes to

30 minutes. The cells were treated with either 100 puM putrescine or with

2 mM DFMO for 22 hours prior to the labeling experiments. It was found

that the differences in ODC synthesis by DFMO-treated cells were greatest

at later time points and diminished at shorter labeling times. Van Daalen

Wetters et al. [140] concluded that the polyamine-mediated changes in ODC

expression were due mainly to a posttranslational mechanism. Recently,

Stjernborg et al. [133] confirmed the earlier results of Persson et al. [108]

that polyamines regulate the synthesis of ODC in L1210 cells by a

translational mechanism. They measured the incorporation of

[35S]methionine into ODC in DFMO-resistant cells with labeling times

varying from 2 minutes to 20 minutes. In contrast to the results of Van
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Daalen Wetters et al. [140], the difference in incorporation of radioactivity

into the ODC of L1210 cells remained essentially the same irrespective of

the pulse-labeling time used.

Tyagi et al. [139] demonstrated that ODC activity is almost

completely lost in cultures of S. cervisiae grown in the presence of

spermidine and spermine. The amount of ODC protein did not change as

measured by immunoprecipitation and its molecular weight remained

unchanged. This indicates that a post-translational modification of the

protein occurred which abolished activity without degradation of the

protein.

The mechanism by which mammalian ODC is rapidly turned over

has been extensively studied. The exact proteolytic pathway has not been

elucidated, however it has been demonstrated both in vitro and in vivo that

the degradation of ODC in mammalian cells is ATP-dependent but

ubiquitin-independent [16,121]. The signal for rapid turnover of ODC by

mammalian cells has been attributed to the last 37 amino acids in the

carboxyl portion of the protein [53,54]. The significance of this region as

a protein degradation signal was first proposed by Rogers et al. [113].

Rogers et al. [113] examined the amino acid sequences of 10 proteins with

intracellular half-lives less than two hours and found that each contained

one or more regions rich in proline (P), glutamic acid (E), serine (S), and

threonine (T). These "PEST" sequences vary from 12-60 residues in

length and are generally flanked by clusters of positively charged amino

acids [113,118). Several other short-lived proteins which contain PEST

sequences are: c-myc, heat shock protein 70, tyrosine aminotransferase,

the phytochrome P730, and c-fos [118). Rogers et al. [113] hypothesized
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that the attachment of a PEST sequence to stable proteins would produce a

rapidly degraded hybrid protein.

Full-length mouse ODC has an internal PEST sequence within the

amino acid sequence 293-333 and another PEST sequence spanning amino

acids 423-449, located at the carboxyl end of the protein. The function of

the internal PEST sequence is undetermined. Ghoda et al. [53] postulated

that this internal region may play a role in the polyamine-dependent

turnover of ODC since truncated mouse ODC is labile in cells treated with

polyamines. The ODC of L. donovani also has an internal PEST sequence

at amino acid residues 591-602 [57]. Hanson et al. [57] determined the

effect of exogenous putrescine on ODC activity for L. donovani

promastigotes. They found that leishmanial ODC is not negatively

regulated by polyamines, since ODC activity was unaffected by a 48-hour

exposure to putrescine up to 1 mM.

The significance of the C-terminal extension as a protein

degradation signal in vivo has been evidenced in the studies of Ghoda et al.

[53,54]. Ghoda et al., [53] were able to express a C-terminal truncated

mouse ODC, lacking amino acids 425-461, in CHO cells and found it to be

highly stable. T. brucei ODC lacks this carboxyl terminus and it is stabile

both in trypanosomes [110] and in transfected CHO cells [54] (Figure I-5).

Ghoda et al. [54] demonstrated that the stability of T. brucei ODC

expressed in CHO cells was abolished when the T. brucei ODC protein had

the additional mouse ODC C-terminal amino acid extension.

It is unclear which amino acids in the carboxyl region of mouse

ODC are absolutely required in vivo for the rapid turnover of mouse

ODC. Rosenberg-Hasson et al. [120] demonstrated that deletion mutants of

mouse ODC at amino acids 423-461 and 449-461 which were expressed in
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cos monkey cells, resulted in the expression of stable ODC. Ghoda et al.

(personal communication) found that deletion mutants of mouse ODC from

amino acids 456-461 which were expressed in CHO cells, resulted in the

expression of stable mouse ODC. If the last five amino acids are sufficient

to target mouse ODC for rapid turnover, then it would be informative to

add this extension to the stable Leishmania donovani ODC and determine

if its long half-life is shortened in CHO cells.

More recently, Loetscher et al.[77] established an ATP-activated in

vitro protein degradation assay with rabbit reticulocyte lysates. They were

able to demonstrate that dihydrofolate reductase, a stable protein in this in

vitro system, could be rapidly degraded when the 37 amino acid C-terminal

extensio was added to its N- or C-terminus. Lu et al. [78] using the in vitro

protein stability assay of Bercovitch et al. [16] demonstrated that removal

of the 37-amino acid carboxyl terminus of mouse ODC led to increased

stability of the protein and its degradation was unaffected by ATP

concentration. The in vitro data demonstrate that the C-terminal PEST

extension of mouse ODC can serve as a signal for degradation but the

results do not uncover the pathway(s) responsible for the in vivo turnover

of the enzyme. It is not known if trypanosomes can recognize the 37

amino acid carboxyl-terminal sequence of mouse ODC as a proteolytic

signal for ODC turnover.
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CELLODC

STIB 366D/T. brucei

L. m. mexicana

L. donovani

CHO/full-length mouse

CHO/truncated mouse

CHO/T. brucei

CHO/T. brucei + mouse tail

ODC STABILITY CHART

HALF-LIFE

greater than 6 hours

greater than 6 hours

greater than 6 hours

less than 1 hour

greater than 4 hours

greater than 4 hours

less than 1 hour

Figure I-5. ODC stability chart.
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III. RESEARCH GOALS

African trypanosomiasis has had a devastating impact both

economically and socially on large areas of Africa where the disease is

endemic. This underscores the need for a clear understanding of the

mechanisms triggering the differentiation of T. brucei from bloodstream to

procyclic forms. Additionally, the importance of an ODC inhibitor as a

promising antitrypanosomal agents underscores the need to further

characterize the ODC of trypanosomes, both its regulation and its role in

differentiation. These studies may also lead to the discovery of additional

therapeutic targets.

The goal of my research was to gain some insight into the

mechanisms triggering the differentiation of T. brucei and to understand

the regulation of ornithine decarboxylase in T. brucei. I used a well

defined biological system to follow differentiation from the bloodstream to

the procyclic form, in vitro, using Cunningham's medium. This medium

biochemically mimics the tsetse fly midgut environment [34]. I determined

the role played by ornithine decarboxylase during differentiation and the

possible role played by cAMP. I determined whether the intermediary and

short-stumpy stages are required for the differentiation to the procyclic

stage in vitro. I found that a decrease in temperature from 37°C to 26°C

was the only requirement for differentiation to the procyclic form in vitro

in Cunningham's medium. These results are discussed in Chapter 1.

The next approach was to identify some of the early biochemical

events occurring during the differentiation process. Specific biochemical

markers for differentiation, gPGK and PEPCK, were followed by

immunoblotting. I assessed whether several different monomorphic strains
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were capable of differentiating to the procyclic stage in Cunningham's

medium. The monomorphic variant of strain TREU 667, RP-56 was

incapable of differentiating to the procyclic form in Cunningham's

medium. To further investigate the role of temperature drop as a trigger of

differentiation, I measured the incorporation of [35S]methionine into the

TCA-precipitable fraction during in vitro differentiation of the

monomorphic and pleomorphic variants of TREU 667 and compared the

radiolabeled protein profiles of these variants. The results of these

experiments are discussed in Chapter 2.

In order to further understand the regulation of both mammalian

ODC and trypanosomal ODC, especially in terms of the role that the 37

amino acid carboxyl-terminus of mouse ODC plays in degradation of

mammalian ODC, full-length mouse ODC was expressed in trypanosomes.

Experiments were conducted to measure its stability in trypanosomes. The

results of these experiments are discussed in Chapter 3.

35



CHAPTER ONE

THE IN VITRO DIFFERENTIATION OF PLEOMORPHIC

TRYPANOSOMA BRUCEI FROM BLOODSTREAM INTO PROCYCLIC

FORM REQUIRES NEITHER INTERMEDIARY NOR SHORT-STUMPY

STAGE

.
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MATERIALS AND METHODS

V■ y ºvatio sms.

The pleomorphic T. brucei strain TREU 667 bloodstream forms,

obtained from Dr. Marilyn Parsons of the Seattle Biomedical Research

Institute, were propagated once in Wistar rats via intraperitoneal injection

of 107 trypomastigotes to each animal [89]. The parasites thus harvested

from the infected blood (by cardiac puncture) were stored in Alseviers

solution at - 70°C as the immediate stock for all subsequent in vivo

cultivations of the parasites in BALB/c female mice (8 weeks old). This

restriction on growth of T. brucei TREU 667 in mice to only a single

passage is aimed at avoiding possible enrichment with monomorphic

variants upon serial transfers.

For growing T. brucei TREU 667 to different stages in the mouse

bloodstream, mice X-irradiated with 650 rads and inoculated with 107

trypanosomes each [89) were monitored daily by microscopic examinations

of the blood smears from their tail snips. The number of parasites was

counted with a hemocytometer. The smears were air dried, fixed in

absolute methanol for 3 minutes and stained with Giemsa for 20 min.

Criteria used to analyze the morphology of the stained parasites were by

those described in detail by Vickerman [147] and the photomicrographs

taken with a Zeiss microscope (see Figure 1-1). Another criterion applied

to distinguishing the long-slender bloodstream form from the other forms

was by cytochemical staining of NAD diaphorase activity [52]. Air-dried

smears were fixed for 5 min at 2-4°C in 0.1M cacodylate-buffered

glutaraldehyde, ph 7.2, rinsed in 0.2M phosphate buffer pH 7.4 and stained

with NADH (5 mg/ml) plus Nitro-BT (2.5 mg/ml). The long-slender
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bloodstream form has no detectable NAD diaphorase activity, whereas the

intermediary, the short-stumpy and the procyclic forms all exhibit such

enzyme activity.

A monomorphic T. brucei strain EATRO 110 was obtained

originally from Dr.Allen Clarkson of New York University School of

Medicine and cultivated in vivo as described for the TREU 667 Strain.

In Vitro Cultivation of Organisms.

Blood removed from infected mice by cardiac puncture was passed

through a DEAE-cellulose column and the trypanosomes were collected on

ice [74]. They were washed in phosphate-buffered saline-glucose solution

and harvested by centrifugation at 3,000 xg for 7 minutes at 4°C. The

entire procedure of purification lasted for about one hour at 4°C before the

cells are inoculated into Cunningham's medium plus 10% heat-inactivated

fetal calf serum for further in vitro incubations [34]. The initial cell

density for the in vitro incubation studies was routinely kept at 2.5 x 106

cells/ml.

| f Ornithine D boxylase (ODC) Activity.

The ODC activity of T. brucei was measured by a radiolabeled CO2

trapping assay as previously described [110]. The protein concentrations of

the T. brucei crude extracts were determined with the Bradford reagent

(BioFad) with bovine serum albumin as the standard. Specific activity of

ODC is expressed in nmoles CO2/hr/mg protein.
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Northern Blotting.

The blot of electrophoresed total RNA from T. brucei TREU 667

was kindly provided by Dr. Marilyn Parsons [101]. Ten pug of total RNA

from long-slender, intermediary, short-stumpy and procyclic forms was

electrophoresed in a 1% formaldehyde gel and blotted onto a Nytran

membrane. The ODC mRNA levels were probed with a radiolabeled in

vitro transcript of a cloned T. brucei ODC gene [110]. Briefly, a 32P

labeled antisense transcript from the T3 promoter of the T. brucei 2.2 kb

Sst I - Hinc II fragment, cloned into Bluescript (BSH 2.2), was used. The

blot was hybridized with the probe and washed twice in 1XSSPE, 0.1% SDS

and twice in 0.1XSSPE, 0.1% SDS at 37°C.

Materials.

DFMO was kindly provided by Merrell Dow Pharmaceuticals,

Cincinnati, OH.
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RESULTS

Morphologi | ODC Activities of T. T
-

from Infected Mice.

T. brucei strain TREU 667 was harvested and purified from mice

after 2, 4 and 8 days of infection. The trypanosomes, estimated to be at

2x107, 5x107, and 1x108/ml blood at the respective times of harvest, were

subjected to Giemsa and NAD diaphorase activity stainings. The results

indicate that; 1) T. brucei TREU 667 harvested after a 2-day infection of

mice is 95+3% in long-slender bloodstream form and 5+3% in the

intermediary bloodstream form; 2) there are 60+10% cells in the long

slender form and 40 +10% in the intermediary form after a 4-day

infection of mice; 3) there are 95 +2 % of the trypanosomes in the short

stumpy bloodstream form and 5+ 2 % in the intermediary form after 8

days of infection of mice. The estimations based on Giemsa stains are in

good agreement with those from the NAD diaphorase activity stainings

(Figure 1-1).

The specific ODC activities in the crude extracts of T. brucei TREU

667 after 2, 4 and 8 days of infection in mice were also measured. The

values are 16+3, 18+6 and 35+8 nmoles CO2/hr/mg protein respectively.

There is thus no decrease of ODC activity in the nondividing short-stumpy

bloodstream forms which contradicts with what has been anticipated

previously [52]. If there is any appreciable change in the ODC specific

activity in T. brucei TREU 667 during its development in mouse, the

activity has actually increased somewhat with the increasing population of

short-stumpy forms.
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Figure 1-1. Morphology of T. brucei TREU 667, harvested and purified from mice

and stained with Giemsa. A) long-slender, day 2 bloodstream forms; B)

intermediary, day 4 bloodstream forms; C) short-stumpy, day 8

bloodstream forms; D) procyclic forms on day 3 in Cunningham's

medium at 26°C.
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In Vitro Diff
- - -

T. TREU 667

Bloodstream T. brucei TREU 667 trypomastigotes of different ages

were isolated from infected mice, inoculated into Cunningham’s medium

plus 10% heat-inactivated fetal calf serum and incubated at 26°C. Samples

were taken each day for estimation of cell density and identification of cell

morphology by Giemsa and NAD diaphorase activity stainings. The results

indicate that the two-day-old trypanosomes, which are predominantly the

long-slender forms, remain unchanged during the first 24 hours of

incubation, but begin to show an increase of cell number and emergence of

the procyclic forms (Figure 1-1D) between the 24th and 48th hour until all

the cells are in the procyclic forms after 3 days (Figure 1-2).

Approximately 1,000 trypanosomes are examined each time for possible

morphological changes. Among several such repeated experiments, not a

single intermediary or short-stumpy form has ever been identified during

the processes of differentiation. Apparently, these two forms do not

represent an obligatory transition state of the in vitro differentiation of T.

brucei. TREU 667.

When 5 mM cis-aconitate and 5 mM L-citrate were added to

Cunningham's medium, they accelerated the T. brucei differentiation by

shortening the initial 24 hour lag phase (Figure 1-2A). When time samples

of the differentiation experiments were assayed for their specific ODC

activities, there was a gradual increase in the first two days followed by a

much steeper climb between day 2 and day 3 (Figure 1-3). There was no

indication of ODC activity decline at all during the entire process of in vitro

differentiation. When all the cells were judged to be in the procyclic forms

after a 3-day in vitro incubation, they were used to inoculate the mice as

previously described. There was no sign of T. brucei infection
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Figure 1-2. Time course of incubation of the day 2 T. brucei TREU 667 bloodstream

forms in Cunningham's medium at 26°C. A) Changes in total cell

numbers; B) Changes in percentages of different morphological forms.

The results are from 3 independent experiments.
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after 8 days, suggesting that all the trypamastigotes had been converted to

non-infectious forms after the in vitro incubation.

The four-day-old trypanosomes from the infected mice, consisting of

about 60% long-slender and 40% intermediary forms, require also about a

24 hour lag phase in their differentiation into procyclic forms in vitro

(Figure 1-4A). Judging from the rates of disappearance of the long

slender and the intermediary forms and the rate of appearance of the

procyclic form (Figure 1-4B), it is apparent that both of these bloodstream

trypomastigotes are converted directly to the procyclic form. No short

stumpy form has ever been identified in this in vitro differentiation system

after many repeated trials. Inclusion of 5 mM cis-aconitate and 5 mM L

citrate also shortens the initial lag phase in the process.

The eight-day-old trypanosomes with 95% of the population in

short-stumpy forms can also differentiate into the procyclic form with a

similar time course (Figure 1-5A). Cis-aconitate and L-citrate have a

similar stimulatory effect on the process. The time courses of

differentiation presented in Figures 1-2, 1-4 and 1-5 are indeed very much

the same suggesting that neither the long-slender, the intermediary nor the

short-stumpy form is appreciably better pre-adapted for differentiation as

has been previously postulated [48,49].

E Affecting the In Vitro E Diff
- -

When the in vitro incubation was carried out at 37°C instead

of 26°C, all three bloodstream forms of T. brucei TREU 667 failed to show

any sign of differentiation. The cell counts decreased at a linear rate until

below detection within 48 hours (data not shown). The addition of cis

aconitate and L-citrate could not alter the rate of cell death. It thus appears

|
|
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Figure 1-4. Time course of incubation of the day 4 T. brucei TREU 667 bloodstream

forms in Cunningham's medium at 26°C. A) Changes in total cell

numbers; B) Changes in percentages of different morphological forms.

The results are from 3 independent experiments.
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Figure 1-5. Time course of incubation of the day 8 T. brucei TREU 667 bloodstream

forms in Cunningham's medium at 26°C. A) Changes in total cell

numbers; B) Changes in percentages of different morphological forms.

The results are from 3 independent experiments.
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that the lowering of incubating temperature from 37°C to 26°C is a crucial

factor triggering the process of in vitro differentiation of T. brucei TREU

667.

DFMO (1 mM), putrescine (1 mM), dibutyryl cAMP (1 mM) and

theophylline (1 mM) were individually tested in the in vitro differentiations

of T. brucei TREU 667 from long-slender, intermediary and short-stumpy

forms to the procyclic form. No appreciable effect was observed from any

of the four compounds after repeated tests (Figure 1-6). This negative

outcome suggests that neither depletion of polyamines nor increase of

intracellular cAMP level can be counted for triggering the differentiation

process.

To conclude, once and for all, on whether fluctuations in ODC gene

expression may be involved with T. brucei differentiation, the apparent

levels of ODC mRNA in the three bloodstream forms and the procyclic

form of T. brucei TREU 667 were compared on a Northern blot. An

equal amount (10 pig) of total RNA samples each purified from the long

slender, intermediary, short-stumpy and procyclic form was applied to

formaldehyde gel electrophoresis, blotted onto a Nytran filter and

hybridized with the T. brucei ODC gene cloned previously in our

laboratory [110] (see Materials and Methods). The results, presented in

Figure 1-7, indicate no discernable difference in the ODC mRNA levels

among the different forms of T. brucei.

The Fail * M hic T. EATRO LL0 to Diff late I

Vitro.

Monomorphic T. brucei strain EATRO 110, harvested and

purified from mice after a 4-day infection, were found exclusively in the
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Figure 1-6. Effects of drugs on the changes of total cell numbers during the in vitro

differentiation of T. brucei TREU667. (A) Day 2 bloodstream forms; (B)

day 4 bloodstream forms; (C) day 8 bloodstream forms.
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long-slender bloodstream forms. These organisms were inoculated into the

differentiation culture medium and incubated at 26°C as previously

described. A steady decrease of cell density was observed during the in

vitro incubation up to 3 days, i.e., when cells were no longer detectable

under microscope (data not shown). No morphological change was

observed among the surviving cells during the three-day incubation.

Addition of cis-aconitate, L-citrate, DFMO, putrescine, dibutyryl cAMP or

theophylline to the incubation mixture showed no effect. The T. brucei

EATRO 110 monomorphic strain has apparently lost the ability to

differentiate in vitro under the current experimental conditions.
º
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Figure 1-7. Northern blot analysis of ODC mRNA steady state levels during dif

ferentiation of TREU 667. Equivalent amounts (10 pig) of total RNA

from long-slender, intermediary, short-stumpy, and procyclic forms of T.

brucei TREU 667 were electrophoresed in a 1% formaldehyde gel, blotted

and probed with a radiolabeled transcript of T. brucei ODC gene. a)

procyclic form; b) short-stumpy form; c) intermediary form; d) long

slender form.
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DISCUSSION

In our present investigations, we have made a few interesting

observations which contradict some of the previous common beliefs or

assumptions on the differentiation of T. brucei. At least one pleomorphic

strain of T. brucei, TREU 667, differentiates directly from the long

slender bloodstream form into the procyclic form in vitro. Although the

intermediary form and the short-stumpy form of the same T. brucei strain

can also each differentiate directly into the procyclic form under the same

conditions, their time courses of differentiation are essentially the same as

that of the long-slender form. This lack of difference suggests that the

intermediary and the short-stumpy forms do not represent any pre-adapted

stages for differentiation. Thus, even though some enzymes of the TCA

cycle and certain transcripts of the mitochondrial genes begin to

accumulate in the short-stumpy form at 37°C [48,49,61], these events are

neither the trigger nor the rate-limiting step for further differentiation.

However, since mitochondrial biogenesis are apparently the essential, early

events in the differentiation process, they must be capable of occurring at

26°C while the trypanosome still assumes its original long-slender shape in

the in vitro differentiation experiments. Thus, the intermediary and short

stumpy morphologies must be unrelated to those early events of

differentiation, and may merely represent the shapes of nondividing, aging

trypomastigotes.

Recent studies by Hamm et al. [56) on the monomorphic T. brucei

strain 427 indicated a variety of differences in the metabolic activities of

the bloodstream forms between the logarithmic phase and the stationary

phase. But, in passing, they also mentioned in the paper that using a
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conventional transformation protocol, both logarithmic and stationary

phase trypanosomes transformed to a homogeneous procyclic population

within 48 hours. They thus concluded that stationary phase trypanosomes

do not seem to be pre-adapted for differentiation. It is interesting to note,

however, that Hamm et al. [56) should have observed the logarithmic phase

trypomastigotes in long-slender forms whereas the stationary phase

trypomastigotes in the short-stumpy forms, even though by definition a

monomorphic strain should remain only in the long-slender form during

its bloodstream stage. This problem may simply reflect a confused state

when the strain was first designated.

The second intriguing observation indicates that cis-aconitate and L

citrate are not needed for triggering the differentiation of T. brucei TREU

667, although they can shorten the initial lag phase of the process. This is

in contrast with the findings on in vitro differentiation of a monomorphic

T. brucei strain 427 by Czichos et al. [35], which requires cis-aconitate as a

trigger. This discrepancy may reflect a basic difference between the

pleomorphic and the monomorphic forms of T. brucei. Or, it could be

attributed to compositional differences between the two culture media used

for in vitro differentiation experiments. Czichos et al. used medium B [35]

whereas we utilized the Cunningham's medium [35]. One major difference

between the two media is in the extraordinarily high level of L-proline (60

mM) and the presence of L-malate, o-ketoglutarate, succinate and fumarate

in the Cunningham’s medium, which may replace the requirement of cis

aconitate for triggering differentiation.

The increasing specific ODC activity in T. brucei during

differentiation, the stable level of ODC mRNA at different stages of T.

brucei development and the lack of effect from DFMO or putrescine on the
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in vitro T. brucei differentiation have conclusively ruled out any possible

involvement of ODC regulation or polyamine fluctuation as the trigger of

T. brucei differentiation. de Gee et al [36] indicated that DFMO -

treatment of the monomorphic T. brucei EATRO 110 in infected mice

caused a change in cellular morphology to the short-stumpy form. This

conversion of actively dividing long-slender forms to nondividing short

stumpy forms may be indeed caused by intracellular polyamine deficiency.

But, as we have discussed previously, the achievement of a nondividing

state of T. brucei is not equivalent to the initiating state of cell

differentiation. The negative results from testing DFMO or putrescine in

the present study suggests that the differentiation of T. brucei proceeds at a

normal pace whether the cells are saturated with or depleted of polyamines.

Giffin et al [52] reported on a successful in vitro transformation of

T. brucei EATRO 110 from the long-slender via the intermediary to the

short-stumpy forms following DFMO treatment. They noted, however,

that the short-stumpy forms thus generated could not be further

differentiated to the procyclic forms in vitro, whereas the intermediary

forms could. It is possible that the drug-induced short-stumpy forms

emerging after 6 days of incubation were literally on the verge of cell

death. What was missing from the study was an indication on whether the

DFMO-pretreatment was even needed for the in vitro differentiation of T.

brucei EATRO 110. By the very same experiment using another

monomorphic T. brucei strain 427, Czichos et al. [35] were able to

transform the long-slender forms to the procyclic forms without ever

involving DFMO. It is always possible that strain difference may

contribute to this discrepancy.

60



Our experimental results also suggest that an increase of intracellular

cAMP level does not trigger or facilitate T. brucei differentiation. Other

than the probable involvement of the TCA cycle intermediates, a lowering

of incubation temperature from 37°C to 26°C appears to be the only

identifiable trigger of T. brucei differentiation thus far. Kaminsky et al.

[68] also observed previously that a decrease of temperature from 37°C to
27°C induced the differentiation of a pleomorphic T. brucei TRUM 397

(which was originally derived from the strain TREU 667) from the

bloodstream forms to the procyclic forms in HEPES-buffered

Cunningham's medium. They did not, however, address the question of

whether the bloodstream forms in their experiments were long-slender,

intermediary or short-stumpy either prior to or during the process of

differentiation.

This cold shock, though apparently unnecessary for the synthesis of

some TCA cycle enzymes [61] and the expression of certain mitochondrial

genes [49], is most likely responsible for realigning gene expressions in the

trypanosomes. Such a realignment could occur primarily during the initial

24 hour lag phase of in vitro differentiation. Specifically, it may involve

turning-off of the expression of genes encoding the variant surface

glycoprotein [117] and some of the glycolytic enzymes in the glycosomes

[155] and the turning-on of the genes encoding phosphoenolpyruvate

carboxykinase and malate dehydrogenase found only in the glycosomes of

the procyclic form [3]. By monitoring the time courses of turnovers of

these proteins as well as those proteins yet to be identified, there may be a

chance to identify the protein(s) responsible for triggering the cascade

reactions leading eventually to the formation of the procyclic form.
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The same cold shock has been unable to induce differentiation of the

monomorphic T. brucei EATRO 110. One possible explanation for it is

that the gene(s) encoding the triggering protein(s) was not expressed in the

monomorphic strain. This possibility could be readily tested by subtracting

hybridizations between two cDNA libraries derived from the mRNA's

extracted from the long-slender forms of strains TREU 667 and EATRO

110 after a brief incubation in Cunningham's medium at 26°C. Giffin et al.

[52] claimed that DFMO-induced intermediary bloodstream forms of T.

brucei EATRO 110 were able to differentiate into the procyclic forms in

an SDM-79 medium. However, since there was no actual data presented on

this account, it is difficult for us to evaluate the significance in this

apparent discrepancy from our observations for the time being.
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CHAPTER TWO

INHIBITION OF PROTEIN SYNTHESIS: A LIKELY SIGNAL FOR

TRYPANOSOMA BRUCEI DIFFERENTIATION FROM

BLOODSTREAM TO PROCYCLIC FORM
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MATERIALS AND METHODS

Strains of T. brucei

The pleomorphic strain TREU 667 was described on page 37. The

pleomorphic strain STIB 366D was obtained from Dr. Larry Simpson of

UCLA. A monomorphic variant of TREU 667, isolated after 56 rapid

serial passages in mice and designated RP-56, was also from Dr. Marilyn

Parsons [100]. Among the monomorphic strains used in the present study,

EATRO 164 was from Dr. Marilyn Parsons, #427 was a gift from Dr.

John Boothroyd of the Stanford University School of Medicine, whereas

EATRO 110 has been maintained in our own laboratory for the past 10

years.

In vi lifferentiati ‘T, l
-

Bloodstream forms of T. brucei were cultivated in mice and purified

from the infected blood by the procedure described on page 38. The

purification procedure, carried out at 37°C within 90 min, was

immediately followed by suspending the cells in Cunningham's medium

[34] to a concentration of 2.5 x 106 cells/ml at 26°C, unless otherwise

stated. Preincubations of the newly harvested bloodstream forms of T.

brucei in Cunningham's medium at 37°C can be carried out for up to 2

hours without any detectable effects on the number of motile cells or the

time courses of morphological changes and increase in cell numbers in the

subsequent in vitro differentiation of T. brucei. There is no detectable cell

death for TREU 667 and STIB 366D during the 4-day in vitro experiment

at 26°C, and the time courses of morphological changes and cell number

increases have been highly reproducible among the T. brucei strains
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capable of in vitro differentiation. Apparently, the T. brucei bloodstream

forms purified from infected mice are suitable for studies on in vitro

differentiation. The progression of differentiation was routinely followed

as described on page 37. The results indicate routinely over 95% of the

population remain motile among the differentiating cells throughout the

entirety of the experiments. There is usually a significant increase in the

proportion of dividing cells after the first 24 hours of incubation. The

criteria used to analyze cell morphology, both microscopically and

biochemically, are described on page 37.

Immunoblotting

Time samples (5 x 106 cells) from the in vitro differentiation

experiments were lysed in sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) sample buffer and analyzed in SDS-PAGE

[72]. The proteins in the gel were transferred to Immobilon-P (Millipore)

by a standard procedure [137]. The blotted membranes were incubated

with antibodies at 4°C overnight, washed and followed by incubations with

appropriate alkaline phosphatase-conjugated secondary antibodies

(Promega) for 1 hour at room temperature and stained according to

established methods [91].

Two antibodies were employed in the immunoblotting experiments.

One was the mouse monoclonal anti-p60 antibody 2ECD from Dr. Thomas

Seebeck of Bern, Switzerland [72], the other was a purified IgG fraction C

22 from a rabbit polyclonal antiserum against the C-terminal 22-amino

acid peptide of T. brucei glycosomal phosphoglycerate kinase (gPGK)

[40]. p60 was subsequently identified as the phosphoenolpyruvate

65



carboxykinase (PEPCK) in the procyclic form of T. brucei [101]. The

former was diluted 1:50 and the latter 1:300 in the immunoblotting studies.

Pulse-labeling of cells with L-L*Slmethionine

Cells suspended in methionine-free Cunningham's medium at a

concentration of 5 x 107 cells/ml were labeled with L-(35S]methionine

(1,000 Ci/mmole, Amersham) at a concentration of 50 puCi/ml and either

26°C or 37°C for 45 min. The labeled cells were washed three times in

phosphate-buffered saline (PBS), solubilized in 10% trichloroacetic acid

(TCA) plus the protease inhibitors phenylmethyl sulfonylfluoride (PMSF)

(1 mM), leupeptin (10 pg/ml ) and soybean trypsin inhibitor (10 pg/ml),

and kept on ice for one hour. The pellets were washed once in 10% TCA

and boiled in SDS-PAGE reducing buffer for 5 min. Total incorporated

radioactivity in each sample of 106 cells was counted in a Beckman LS

3801 scintillation spectrometer. An equivalent level of radioactivity

(50,000 cpm) from each sample was also analyzed in 10% SDS-PAGE

followed by autoradiography.
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RESULTS

The long-slender bloodstream forms of two pleomorphic

strains,TREU 667 and STIB 366D, were purified from mouse blood after a

2-day infection and incubated in vitro for differentiation into the procyclic

forms [10]. Both strains showed very similar time courses of

differentiation, i.e., little cell death or cell growth and no detectable

morphological change after the first day, approximately 50% conversion to

the procyclic forms after 2 days and total differentiation after 3 days

(Figure 2-1B). At no time during the in vitro differentiation were there

any intermediary or short-stumpy forms detected from either strain of T.

brucei. It is thus true, at least for these two pleomorphic T. brucei strains,

that the long-slender bloodstream forms are directly converted to the

procyclic forms in vitro without going through the intermediary and short

Stumpy stages.

The cell number of TREU 667 strain appears to increase more

rapidly than that of STIB 366D during the initial 2 days of in vitro

differentiation (Figure 2-1A), but the rate of growth is caught up by the

latter on the 3rd and 4th day. Addition of 5 mM cis-aconitate and 5 mM

L-citrate to the Cunningham's medium promotes the growth of both T.

brucei strains (Figure 2-1A), but they exert no influence on the time course

of morphological changes of the cells. These results support our previous

conclusion [10] that cis-aconitate and L-citrate are not among the triggers

of T. brucei differentiation.

Since a temperature drop from 37°C to 26°C appears to trigger the

process of in vitro differentiation [10], we tried to incubate the long
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Figure 2-1. In vitro differentiation of the long-slender bloodstream forms of T. brucei

pleomorphic strains in Cunningham's medium at 26°C. A). Changes in cell

number, T. brucei TREU 677 (–O—); T. brucei TREU 667 plus 5 mM cis

aconitate and 5 mM L-citrate, (–0–); T. brucei STIB 366D, (–D–); T. brucei

STIB 366D plus 5 mM cis-aconitate and 5 mM L-citrate, (–E–).B.) Changes in

cell morphology of T. brucei STIB 366D; long-slender,(–E–); intermediary,

(—D—); short-stumpy, (–0–); procyclic, (–O—).

68



100

O•|u/„01XSI|30}}

T

uuJo,■ eo!60||O■ duou
ºº,

TT-V-T-7-TT-V-T
—
I
—
I
—II

OOOOOOOOOODOON.(Ou■ o<■ >ovoCN+-

|_<*

69



slender bloodstream forms of T. brucei TREU 667 in the Cunningham's

medium at 37°C for varying lengths of time before decreasing the

temperature to 26°C to start the differentiation process. We found that the

37°C pre-incubation may extend to 6 hours without decreasing the number

of motile cells, altering the morphology of cells or affecting the subsequent

time course of differentiation except that the cell number ceases to increase

(data not shown). When the 37°C pre-incubation was extended to 24 hours,

massive cell death ensued, which could not be reverted by lowering the

temperature to 26°C. Consequently, differentiation did not occur. When 5

mM cis-aconitate and 5 mM L-citrate were added, the 6 hour pre

incubation at 37°C exerted no detectable influence on either the time course

of differentiation or the rate of cell growth at 26°C (Figure 2-1A). Thus,

cis-aconitate and L-citrate appear to maintain the cells at the competent

state regardless of the temperatures.

In addition to the observed morphological changes of T. brucei, we

also tried to follow the disappearance and emergence of certain enzyme

proteins in T. brucei as additional indicators of differentiation from long

slender bloodstream form to procyclic form. PEPCK is found in very low

quantities in the bloodstream forms of pleomorphic T. brucei [70] but is

present in high amounts in the procyclic forms of T. brucei [99]. A

monoclonal antibody 2ECD, originally prepared against a procyclic T.

brucei glycosomal protein p50 [72], which is most likely the PEPCK [100],

was used as one of the indicators in immunoblotting experiments. The

results presented in Figure 2-2A indicate that the time course of PEPCK

emergence in the in vitro differentiation of T. brucei TREU 667 coincides

very well with that of morphological transformation from long-slender to

procyclic forms (Figure 2-1B). An interesting observation was made when
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Figure 2-2. Immunoblot analysis of T. brucei TREU 667 during the in vitro dif

ferentiation of long-slender (A); intermediary (B), and short-stumpy, (C)

bloodstream forms in Cunningham's medium at 26°C. Whole trypanosome lysates

of 5 x 106 cells from each stage of the differentiation were loaded in each lane of

SDS-PAGE. Lanes 1-6 were probed with the anti-p60 monoclonal antibody,

2ECD. Lanes 7-12 probed with the anti-gPGK antibody, C-22. Lanes 1 and 7,

day 0; lanes 2 and 8, day 1; lanes 3 and 9, day 2; lanes 4 and 10, day 3; lanes 5 and

11, day 4; lanes 6 and 12, procyclic forms.
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the intermediary or short-stumpy bloodstream forms of T. brucei TREU

667 were used to start the in vitro differentiation studies [10] (Figures 2

2B and 2-2C). Although both the intermediary and short-stumpy forms do

not contain the 60 kDa PEPCK protein as anticipated, there is a broad

protein band in the 50-56 kDa range capable of crossreacting with the anti

PEPCK monoclonal antibody. This band disappears after a day in the

Cunningham's medium and a stained 60 kDa protein band, most likely the

PEPCK, emerges with the appearance of procyclic forms. The significance

of this 50-56 kDa protein in the intermediary and short stumpy forms

remains unclear (see Discussion).

We chose gPGK as the other indicator of T. brucei differentiation,

because it is abundant in the glycosomes of bloodstream T. brucei, but

virtually absent from the procyclic forms [100]. A specific polyclonal

antibody, anti-C-22, to the C-terminus of gRGK was prepared by us [40],

and used in the differentiation studies. The results from immunoblotting

time samples with this antibody show very small decreases in gPGK after 4

days of in vitro differentiation when virtually all the cells are in the

procyclic forms (Figure 2-1B), whereas control samples of well-established

procyclic forms show very little gPGK (lane 12 in Figures 2-2A, 2-2B and

2-2C). Apparently, the turnover rate of gPGK may be too slow to be a

good indicator of cell differentiation.

Ln vitro differentiation of hic T. brucei.

The monomorphic strains of T. brucei are incapable of forming the

intermediary or short-stumpy bloodstream forms in nature [148]. Since

our previous [10] as well as the present studies indicated repeatedly that in

vitro differentiation of T. brucei from bloodstream into procyclic form
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requires neither intermediary nor short-stumpy stage, there is no reason to

believe that monomorphic strains are necessarily incapable of

differentiating from bloodstream into procyclic forms as suggested

previously [5]. In order to learn if there are different types of

monomorphic strains, some of which may be capable of differentiating

whereas some others may not, we tested four independent monomorphic

strains in the in vitro differentiation experiments. The first sample RP-56,

a monomorphic variant of T. brucei TREU 667, was incapable of

differentiation in Cunningham's medium at 26°C and dropped by six logs

in cell number within four days (Figure 2-3). The presence of cis

aconitate and L-citrate can slow down the rate of cell death but cannot

trigger the process of differentiation. However, some cells did survive and

differentiated into procyclic forms which multiplied and became eventually

detectable after 7 weeks of incubation (data not shown). Apparently, RP

56 has a low level of contaminating pleomorphic parent TREU 667 which

will emerge under a favorable selective condition. Or, some of the

surviving RP-56 cells might have gone through a reversible adaptation

during the 7 weeks and become capable of differentiation.

The monomorphic #427 strain differentiated from bloodstream into

procyclic forms in the Cunningham's medium at 26°C with a time course

similar to those for the pleomorphic T. brucei (Figure 2-4B). There was a

slow decrease in total cell number during the 4-day incubation, which

could have been prevented by the presence of 5 mM cis-aconitate and 5

mM L-citrate (Figure 2-4A). But no cell growth can be observed under

these conditions which agrees with a similar observation by Overath et al.

[97]. Another monomorphic strain EATRO 164 was unable to differentiate

and the cell counts dropped by a million fold in 4 days (Figure 2-4A).

74



100

iº
.000001 - i I T

O 1 2 3 4

Days

Figure 2-3. A comparison of change in cell numbers between the pleomorphic T. brucei

TREU 667 and its monomorphic variant RP-56 in Cunningham's medium at 26°C.

TREU 667, (–O—); TREU 667 plus 5 mM cis-aconitate and 5 mM L-citrate,

(–0–); RP-56, (–D–); RP-56 plus 5 mM cis-aconitate and 5mm L-citrate,

( — — ).
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Figure 2-4. A) Changes in cell numbers of various monomorphic strains of T. brucei in

Cunningham's medium at 26°C. T. brucei 4427, (–0–); T. brucei #427 plus 5

mM cis-aconitate and 5 mM L-citrate, (—O—); T. brucei EATRO 164, (–4—);

T. brucei EATRO 164 plus 5 mM cis-aconitate and 5 mM L-citrate, (–A–); T.

brucei EATRO 110,0–D–); T. brucei EATRO 110 plus 5 mM cis-aconitate and 5

mM L-citrate, (–E–).B) Morphological changes of T. brucei 4427 in

Cunningham's medium at 26°C; long-slender, (–D–); procyclic, (–A— ).C)

Morphological changes of T. brucei EATRO 164 in Cunningham's medium

plus 5 mM cis-aconitate and 5 mM L-citrate at 26°C; long-slender, (–D–);

procyclic, (–A–).
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However, when cis-aconitate and L-citrate were added, differentiation

proceeded on a normal time course (Figure 2-4C) with only a small

decrease of cell number in 4 days (Figure 2-4A). In both cases, a thorough

search for the intermediary and short-stumpy forms during the

differentiation was conducted, but none were detected. As for the

monomorphic EATRO 110 strain, cells died at a linear rate during the first

two days of incubation without any indication of differentiation. This high

rate of cell death was not affected by the presence of cis-aconitate and L

citrate.

Thus, among the four monomorphic strains of T. brucei, two can

differentiate in vitro whereas the other two cannot. Since no two strains

acted identically, the basis for their failure to be transformed to short

stumpy forms must be also different from one another, and unrelated to the

ability to differentiate into the procyclic form in vitro.

Protei hesis during in vitro differentiation.

Long-slender bloodstream forms of T. brucei TREU 667 were

pulse-labeled with [35S]methionine for 45 min at time 0, 2, 4, 6, 24, 48 and

72 hours in the in vitro differentiation. Radioactivities incorporated into

the TCA-precipitable fraction of 106 cells were counted and compared with

the monomorphic variant RP-56 in a parallel experiment. The results

indicated that when temperature was changed from 37°C to 26°C at time 0,

the protein synthetic activity in TREU 667 was reduced by at least 4-fold

(Figure 2-5). This much reduced synthetic activity was gradually increased

during the first 6 hours of differentiation. By 24 hours, the activity was

16-fold higher than the original level. At 48 hours and 72 hours the levels

of [35S]methionine incorporation by TREU 667 cells, maintained at 26°C,
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Figure 2-5. [35S]Methionine incorporation into the TCA-precipitable fraction of 106

cells during a 45 min pulse-labeling of the time samples from an in vitro incubation

of long-slender bloodstream T. brucei in Cunningham's medium. TREU 667

incubated and pulse-labeled at: 26°C, (–0–); 37°C, (–8–). RP-56 incubated

and pulse-labeled at: 26°C, (–O—); 37°C (–D–).
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were 47 and 60 x 10-3pmoles per 106 cells, respectively. For the
monomorphic variant RP-56 cells the protein synthetic activity is much

higher, and the temperature drop had little effect on the activity of protein

synthesis. This high level of activity was maintained for at least 6 hours

during the 26°C incubation. After 24 hours, the synthetic activity in RP-56

was decreased by 10-fold.

The profiles of radiolabeled protein from the pulse-labeling

experiments were analyzed by SDS-PAGE and autoradiography in repeated

experiments. Highly reproducible protein profiles have been obtained.

The data presented in Figure 2-6A demonstrate that the relatively little

proteins synthesized during the early phase of differentiation of TREU 667

have the typical profile of proteins in the long-slender bloodstream form.

When the cells were pulse-labeled at the 24th hour, the newly synthesized

proteins had the typical protein profile of a procyclic cell. This same

profile of protein synthesis continues during the rest of in vitro

differentiation. For the RP-56 cells, the protein banding pattern during the

initial 6 hours remained unchanged from that in the original bloodstream

form (Figure 2-6B). By the 24th hour, the protein synthetic activity was

much weakened, but the original protein profile appeared the same. No

new protein profile emerged until the protein synthesis was reduced below

detection coinciding with the excessive cell death during the late phase of

incubation (Figure 2-3). There are also some discrepancies in protein

profiles of the long-slender bloodstream forms of TREU 667 and RP-56

(Figure 2-6). The reason behind these differences remains unclear.
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Figure 2-6. [35S]Methionine radiolabeled protein profiles from the 45 min, 26°C pulse

labelings of the time samples taken during in vitro differentiation in Cunningham's

medium at 26°C. Equivalent TCA-precipitable radioactivity of 50,000 cpm from

each sample was analyzed in a 10% reducing SDS-PAGE for comparisons. A) T.

brucei. TREU 667.
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Figure 2-6. [35S]Methionine radiolabeled protein profiles from the 45 min, 26°C pulse

labelings of the time samples taken during in vitro differentiation in Cunningham's

medium at 26°C. Equivalent TCA-precipitable radioactivity of 50,000 cpm from

each sample was analyzed in a 10% reducing SDS-PAGE for comparisons. B) T.

brucei RP-56.
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DISCUSSION

We have shown in our current investigations that the direct in vitro

differentiation of pleomorphicT. brucei from long-slender bloodstream

form to procyclic form occurs in two independent pleomorphic strains

tested thus far. It is thus likely that this direct differentiation represents a

general phenomenon unrelated to the transformation of long-slender to

intermediary and short-stumpy forms in the bloodstream. This conclusion

is further supported by our additional observation that the monomorphic

strain #427 is fully capable of differentiating into the procyclic form with a

similar time course in the same Cunningham's medium at 26°C. The only

discrepancy is that the strain #427 procyclic cells formed after the

differentiation cannot multiply in Cunningham's medium. In fact, Czichos

et al. [5] were able to differentiate another monomorphic variant clone of

T. brucei MITat 1.4 (VAT117) of the stock #427 from long-slender

bloodstream to procyclic form in a similar culture medium SDM-79 plus

cis-aconitate and L-citrate at 27°C. The procyclic cells thus generated also

failed to grow in their hands.

Different monomorphic strains reacted differently in the

Cunningham's medium at 26°C. Thus, T. brucei EATRO 164 is incapable

of differentiating and perishes quickly unless cis-aconitate and L-citrate are

present. The cells will then survive and differentiate into procyclic forms

with a normal time course but without detectable cell growth. T. brucei

RP-56, a monomorphic variant of TREU 667, cannot differentiate and the

cell number diminishes quickly. The rate of cell death can be slowed by

adding cis-aconitate and L-citrate, but the majority of the slowly dying

cells remains undifferentiated. T. brucei EATRO 110 cannot differentiate
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at all and die at a high rate whether cis-aconitate and L-citrate are present

or not. Thus, each of the monomorphic strains has a different behavior in

the Cunningham's medium. The failure of being transformed to

intermediary and short-stumpy forms is not always related to the capability

of being differentiated into procyclic forms in vitro, and vice versa.

The results from immunoblottings indicate that gFGK is not a good

marker of T. brucei differentiation presumably due to a relatively long

half-life [100], but PEPCK is a good marker. Its emergence agrees well

with the appearance of the procyclic forms. The bloodstream forms of T.

brucei are known to lack the 60 kDa PEPCK protein in 2D gel analysis [99]

and possess little PEPCK activity in enzyme assays [70]. Our current

observation agrees perfectly well with these previous results. However, a

rather diffused band between 50 and 56 kDa in SDS-PAGE, which

crossreacts with the anti-PEPCK monoclonal antibody 2ECD, was

identified in the intermediary and the short-stumpy form of T. brucei

TREU 667. This band, disappearing after a day in the Cunningham's

medium at 26°C, is unlikely another form of PEPCK because the

intermediary and the short-stumpy forms are already known to lack this

enzyme activity [70]. Furthermore, its absence during the differentiation

from long-slender into procyclic forms provides yet another supporting

evidence that this differentiation does not go through the intermediary or

the short-stumpy stage.

All the experimental results from the in vitro differentiations of

pleomorphic and monomorphic T. brucei have suggested that cis-aconitate

and L-citrate are incapable of triggering the process of differentiation. But

their presence can either promote cell growth or slow down the rate of cell

death. This beneficial function of the organic acids was further
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demonstrated by the finding that a pre-incubation of T. brucei TREU 667

bloodstream forms at 37°C for 6 hours inhibited the increase of cell

number during the subsequent in vitro differentiation. But this inhibitory

effect was reversed by the presence of cis-aconitate and L-citrate. Thus,

the lowering of temperature from 37°C to 26°C remains the only

identifiable trigger for the differentiation process at this time.

Immediately following the temperature drop, we observed in the

pleomorphic TREU 667 strain and its monomorphic variant RP-56 a major

discrepancy in their activities of protein synthesis. The bloodstream forms

of RP-56 have a protein synthetic activity 2 to 3-fold higher than that in the

long-slender bloodstream forms of TREU 667 from the beginning. This

high activity in RP-56 remains virtually unchanged for at least 6 hours in

the Cunningham's medium at 26°C, an environment mimicking that in the

mid-gut of a tsetse fly. The profile of newly synthesized proteins during

this incubation is that of the bloodstream form, and the synthetic activity

decreases slowly with the gradual cell death over a period of 3 to 4 days.

In TREU 667, its already low rate of protein synthesis is immediately

reduced by another 4-fold when the temperature is lowered from 37°C to

26°C. This inhibited state of protein synthesis is only gradually brought

back after six hours. By 24 hours, newly synthesized proteins assume the

profile of the procyclic form. This across-the-board inhibition of

continued synthesis of proteins of the bloodstream form at the beginning of

differentiation may be a key event brought about by the temperature drop.

It may represent a total turning-off of the genes expressed in the

bloodstream form and a gradual turning-on of the genes whose expression

may be required by the procyclic form. Apparently, the latter event

cannot occur without first turning off the expression of bloodstream form
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genes, because protein synthesis in TREU 667 bloodstream forms in

Cunningham's medium at 37°C maintains the profile of that in the

bloodstream form (data not shown). The cells cannot differentiate, and die

gradually in the bloodstream form under such conditions. Dorn et al. [39]

have shown recently that an inhibition of protein synthesis in the

bloodstream form of monomorphic T. brucei strain #427 by cycloheximide

can actually turn on the synthesis of an mRNA encoding a procyclic surface

antigen procyclin. Since the expression of procyclin in the in vitro

differentiation of T. brucei has a lag period of about 2 to 3 hours [32], it is

a reasonable assumption that there exists a negative regulator of expression

of the procyclin gene in the bloodstream form of T. brucei. The synthesis

of this negative regulator can be blocked by either cycloheximide or, in

our case, the temperature drop leading to the expression of procyclin. It

will be relatively easy to imagine that the expression of all the genes needed

by the procyclic form could be turned on by the very same mechanism.

What remains to be learnt is whether there is an additional step(s) linking

the temperature drop with the cessation of synthesis of the negative

regulators of procyclic gene expression.
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CHAPTER THREE

MOUSE ORNITHINE DECARBOXYLASE IS STABLE IN

TRYPANOSOMA BRUCEI
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METHODS AND MATERIALS

Cell cultures

The bloodstream forms of the T. brucei pleomorphic strain TREU

667, were propagated in female BALB/c mice, harvested and purified as

described on page 37. The procyclic forms were derived from the

bloodstream forms as described on page 38 and maintained by serial

passages in Cunningham's medium with 10% heat-inactivated fetal calf

serum at 26°C.

mouse ODC cºl\A

A vector for stable transformation of T. brucei, pISA-NEO2 [130],

originally derived from the plasmids BNsp-Neo-T [76] and p■ p25.MCS1

[30], was used to clone the T. brucei ODC gene or the mouse ODC cDNA.

pTSA-NEO2 contains the procyclic acidic repetitive protein (PARP)

promoter, including the splice acceptor site, originally located upstream of

the PARP coding region which was replaced by a multicloning site. A

second splice acceptor site then preceded the neomycin phospho

transferase gene (neo), and the T. brucei Bo-tubulin intergenic region

(Figure 3-1). The full-length mouse ODC cDNA was cut from the

plasmid pCD20.7 with Taq1 and Pvull [53] and inserted into the

multicloning site of p[SA-NEO2 opened by Clal/EcoRV. This newly

constructed vector was named pl/OD300 (Figure 3-1). The T. brucei

ODC gene was removed from the clone BHS2.2 [110] with Clal, and

introduced into the Clal cloning site in p'TSA-NEO2 immediately
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following the first acceptor site to make the new vector p7"OD300. Both

vectors were purified by cesium chloride density gradient centrifugation

and linearized by Mlul digestion, which cuts at the center of the Bo-tubulin

intergenic region [76], prior to the transformation experiments.

T f
-

T.
-

DNA was introduced into the procyclic forms of T. brucei TREU

667 by electroporation using a Bio-Rad gene pulser as described by

Sommer et al. [130]. Briefly, the procyclic cells were washed once in cold

phosphate buffered saline (PBS) and resuspended in 0.4 ml of cold

Zimmerman Postfusion Medium [11] supplemented with 5 mM cis

aconitate and 5 mM L-citrate at a density of 7.5 x107cells/ml, mixed with

200 pig of the linearized vector DNA and electroporated at 4°C in a

cuvette at a setting of of 12,500 volts/cm, 25 puf capacitance, and through

a Bio-Rad Pulse controller set at 400 ohms. The cells were pulsed three

times at a RT constant of 0.7 msec. Afterwards, cells were kept on ice for

up to 10 minutes, microfuged for 10 seconds, and resuspended in

Cunningham's medium containing 10% fetal calf serum (heat-inactivated),

5 mM cis-aconitate and 5 mM L-citrate, and incubated at 26°C. On day 2

in culture, G418 (Geneticin, GIBCO), an analog of neomycin, was added

to 25 mg/ml and increased to 50 pg/ml over the following 5 days. After

3-4 weeks, a mixed population of G418-resistant transformants were

obtained which could be continuously cultivated in Cunningham's medium

at 26°C.
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2DC l in d
- -

Lysates of T. brucei were assayed for ODC activity by the procedure

described on page 38. The turnover rate of the recombinant ODC's were

determined using a previously described procedure [110]. Protein

concentrations were determined as by the method described on page 38.

In vivo (34°HlpBMO pulse-chase labeling of ODC

Log-phase T. brucei procyclic forms (3 x 106cells/ml) were washed

three times and suspended in ice-cold phosphate-buffered saline (PBS) plus

5mm cis-aconitate and 5m M L-citrate to a final density of 5 x 107

cells/ml. They were pulse-labeled with 1.76 mM of [3,43H]DFMO (28

Ci/mmole, New England Nuclear) for 45 minutes at 26°C, and chased with

10 mM DFMO. Cells (6.25 x 106) were collected at 0, 0.5, 1, 2, 4, and 6

hours during the chase, washed three times in ice-cold PBS, suspended in

the buffer for sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE), boiled for 5 minutes, and analyzed by 10% SDS-PAGE and

autoradiography.

ln vivo L-I*Slmethioni lse-chase labeli Li
- - - - -

of ODC

T. brucei procyclic forms were pulse-labeled with L-(35S]methio

nine at 26°C for 45 minutes using the procedure described on page 66.

The radiolabeled methionine was then replaced by 1.3 mM unlabeled

methionine to continue the incubation, and cell samples (6.25 x 106 cells)

were taken at 0, 0.5, 1, 2, 4, and 6 hours. The cells were lysed by a

previously described procedure [83], and ODC was immunoprecipitated

with rabbit antiserum and formalin-treated Staphylococcus aureus cells
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(CALBIOCHEM) by a standard protocol [83]. The immunoprecipitates

were then analyzed by 10% SDS-PAGE and autoradiography [73].

Two rabbit antisera were included in the current investigation. A

rabbit anti-mouse ODC antiserum was obtained from Dr. O. A. Jänne of

the Rockefeller University [109]. A rabbit anti-recombinant T. brucei

ODC antiserum [109] was prepared in collaboration with Dr. Philip

Coffino of UCSF. Two preabsorptions with rabbit pre-immune serum

were performed on each lysate sample prior to the immunoprecipitation in

order to reduce the nonspecific background.

In vi l lati ODC

Lysates of 107T. brucei procyclic forms labeled with [3,43H]DFMO

as described previously were tested in an in vitro assay for the degradation

of ODC [77]. Briefly, each assay to measure proteolysis in rabbit

reticulocyte lysate contained 150 pil of untreated rabbit reticulocyte lysate

(PROMEGA), 20 pil of an ATP-regenerating system (1 mM ATP, 12.5

mM phosphocreatine, and 15 units/ml of creatine phosphokinase

(Boehringer Mannheim), 20 ml of concentrated rabbit reticulocyte lysate

buffer consisting of 300 mM Tris-Cl, pH 7.8, 50 mM MgCl2, 100 mM

KCl, 5 mM DTT, and 10 pil of the labeled protein. The lysate mixtures

were incubated at 37°C, and 10 pul samples were taken at 0, 1, and 2 hours

of incubation. Trichloroacetic acid (TCA) precipitation was performed on

the samples as follows. The 10 pil samples were added to 890 pil of 1%

bovine serum albumin and precipitated with 10% TCA. After 1 hour on

ice, the samples were microfuged for 15 minutes, and the pellets were

washed twice in 10% TCA, and once in ether. The pellets were

solubilized in 500 pil of 0.5N quaternary ammonium hydroxide (TS-2,
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Research Products International), and the radioactivity determined by

scintillation counting.
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RESULTS

E
-

f ODC i º | T. l
-

Lysates of the procyclic forms of T. brucei TREU 667 have a

background specific ODC activity of 110 nmoles CO2/hr/mg protein. In

the TREU 667 cells stably transformed with the vector p\MOD300 (Figure

3-1), the specific activity of ODC in the lysate went up to 8,200 nmoles

CO2/hr/mg protein. In the lysate of TREU 667/pTOD300, the specific

ODC activity in the lysate was estimated to be 10,000 nmoles CO2/hr/mg

protein. Apparently, mouse ODC was successfully expressed in the

procyclic T. brucei TREU 667/pMOD300, and T. brucei ODC was over

expressed 100-fold in TREU 667/pTOD300. These results, together with

the fact that the cells are G418-resistant, suggest that the vector DNA is

most likely stably integrated into the tubulin gene cluster of these cells.

r -], D tivity in tr r

Log phase TREU 667/pMOD300 and TREU 667/pTOD300 cells

were labeled with [35S]methionine in Cunningham's medium at 26°C as

previously described [110]. The time course of incorporation of

radioactivity into the TCA-insoluble fraction suggests active protein

synthesis in both cell lines during the 6-hour incubation (Figure 3-2A).

When cycloheximide was added to the incubation mixtures to a final

concentration of 50 pig■ ml, no incorporation of radioactivity was

detectable, suggesting total inhibition of protein synthesis. When the time

samples were assayed for ODC activity under the state of protein synthesis

inhibition, the enzyme activity in TREU 667/pTOD300 remained

unchanged during the 6 hour incubation (Figure 3-2B), agreeing with our
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Figure 3-1. The transformation vector p\{OD300.
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Figure 3-2. The stability of ODC activity in TREU 667/pMOD300 and TREU

667/pTOD300 under total inhibition of protein synthesis by cycloheximide

(50-g/ml). A. [35S]Methionine incorporation into TCA-precipitable

fraction; B. ODC activity. TREU 667/pMOD300, (-u-); TREU 667/pMOD300

plus cycloheximide,(-E-); TREU 667/pTOD300, (-O-); TREU 667/pTOD300

plus cycloheximide, (-O-).
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previous observation that T. brucei ODC has an extended half-life in T.

brucei [110] as well as in Chinese hamster ovary cells (CHO)[54].

However, when the mouse ODC activity in cycloheximide-treated TREU

667/pMOD300 cells was examined, it also remained at the constant, high

level throughout the 6 hour incubation. These results are in contrast to the

very short half-life (20 to 30 minutes) of mouse ODC in mammalian cells

[35,36]. Thus, this unexpected stability of mouse ODC in T. brucei

required further examination.

The 13.4°EllpBMO labeled mouse ODC remains stable in transformed T.

brucei

The rapid in vivo degradation of mouse ODC is attributed to the

PEST sequence in the C-terminal 37-amino acid peptide [53,113]. It is

possible that the mouse ODC synthesized in the transformed T. brucei may

have, somehow, lost the C-terminal peptide and became stable. In order to

rule out this possibility, the transformed T. brucei cells were pulse-labeled

with the suicide inhibitor of ODC, [3,43H]DFMO and chased with

unlabeled DFMO. Results from analyzing cell lysates by SDS-PAGE,

autoradiography, and densitometry indicated that the radiolabeled T.

brucei ODC has an estimated subunit molecular weight of 45 kDa and

remained unchanged during the 6 hour chase (Figure 3-3). The

radiolabeled mouse ODC in TREU 667/pMOD300 has a subunit molecular

weight of 53 kDa as anticipated, and remained apparently quite stable

(Figure 3-3). Densitometric analysis of each radiolabeled band indicated

that approximately 70% of the initial intensity remained in the mouse ODC

expressed in TREU 667/pMOD300 after 6 hours (Figure 3-3). This loss is

much less than the 90% loss of mouse ODC activity in two hours when the
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Figure 3-3. [3,43H]DFMO pulse-chase experiment. Stable transformants (108) were

radiolabeled with [3,43H]DFMO for 45 minutes and chased with 10 mM unlabeled

DFMO for the indicated time period. Cells (6.25 x 106) were analyzed in 10%

SDS-PAGE followed by autoradiography.
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enzyme was expressed in CHO cells [54]. Thus, the stability of mouse ODC

in T. brucei is not due to the loss of its C-terminal peptide.

The ■ ”Slmethionine labeled mouse ODC remains stable in transformed T.

brucei

In order to rule out the possibility that the formation of the DFMO

mouse ODC complex in the previous experiment may have stabilized the

enzyme protein, the transformed T. brucei cells were pulse-labeled with

[35S]methionine, chased with unlabeled methionine and the radiolabeled

ODC was isolated by immunoprecipitation and analyzed by SDS-PAGE and

autoradiography. The results presented in Figure 3-4 indicated clearly that

both radiolabeled 45 kDa T. brucei ODC and 53 kDa mouse ODC

remained stable during the subsequent chase. Densitometric tracings of the

radioactive spots corresponding tot he mouse ODC indicated that there is a

bout a 13% decrease of radioactivity after a six hour chase. Thus, the

mouse ODC without any detectable structural alteration or truncation,

remains apparently stable in T. brucei.

Th 2DC Li º | T. l
- -

ble in vi

Although the mouse ODC expressed in T. brucei is enzymatically

active, has the expected subunit molecular weight, is capable of forming a

stable complex with DFMO, and is immunoprecipitated by anti-mouse

ODC antiserum, it is still possible that certain post-translational

modifications of the enzyme protein, undetectable by any of the above

assays, may have occurred in T. brucei, and brought about the in vivo

stability of mouse ODC expressed in transformed T. brucei. This
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possibility was examined in an in vitro assay, which used rabbit

reticulocyte lysate to mimic successfully the cytoplasmic environment in a

mammalian cell to allow the rapid degradation of mouse ODC [77]. When

authentic samples of purified mouse ODC [53] andT. brucei ODC [109]

were radiolabeled with [3,43H]DFMO and tested in the rabbit reticulocyte

lysate containing an ATP-generating system (See Materials and Methods),

the former was degraded by some 30% within 2 hours whereas the latter

remained stable as anticipated (Figure 3-5). This rate of degradation is

typical of mouse ODC in the in vitro system [77]. When the lysates of

TREU 667/pMOD300 and TREU 667/pTOD300 were labeled with

[3,43H]DFMO and examined in the same in vitro assay, the TCA

precipitable radioactivity from TREU 667/pMOD300 was reduced by

about 36% in 2 hours, whereas that from TREU 667/pTOD300 remained

relatively unchanged (Figure 3-5). Thus, the mouse ODC expressed in T.

brucei has a similar susceptibility to in vitro degradation as the authentic

mouse ODC. This stability inside T. brucei is thus most likely due to the

absence of activity to degrade mouse ODC in the cytoplasm of T.brucei.
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Figure 3-4. [35S]Methionine pulse-chase and immunoprecipitation. Stable transformants

(108) were radiolabled with [35S]methionine for 45 minutes and chased with

cold methionine for the indicated period of time. Cells (6.25 x 106) were washed,

lysed, and immunoprecipitated with polyclonal antisera and analyzed by 10%

reducing SDS-PAGE and autoradiography.
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Figure 3-5. ODC degradation in rabbit reticulocyte lysate. [3,43H]DFMO radiolabeled

lysates of transformed T. brucei were tested in the in vitro rabbit reticulocyte lysate

protein degradation assay (see Materials and Methods). Time samples were

collected, TCA-precipitated, and the radioactivity in each pellet fraction was

counted.
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DISCUSSION

We have successfully transformed the procyclic forms of T. brucei

TREU 667 with two newly constructed vectors pNAOD300 and p■ CD300.

The stable trait of G418 resistance and the high levels of ODC activities in

the transformed cells suggest that: (1) stable transformation has been

accomplished, most likely by integration of the linearized vector DNA into

the intergenic region of the tubulin gene cluster [76]; (2) both the neo gene

and ODC gene are expressed under a single PARP promoter. This latter

finding agrees with our previous observation that multiple foreign gene

expression in T. brucei can be regulated by a single upstream promoter as

long as each gene is immediately preceded by a splice acceptor site [130].

Since the main thrust of our present study is to examine the half-life

of mouse ODC inside T. brucei, we did not perform single-cell clonings on

the transformed cells. Thus, the two transformed T. brucei cultures,

TREU 667/pMOD300 and TREU 667/pTOD300, must each be regarded as

a heterogeneous population of transformed cells. This heterogeneity does

not defeat the purpose of our present studies because the ODC activities

expressed from the introduced foreign ODC genes were much higher (80

to 100-fold) than the background ODC level in the untransformed T.

brucei, the background values have very little bearings on the data we are

interested in. Consequently, a more detailed analysis on the locations of

ODC gene insertion and the number of inserted ODC gene copies in the

two transformed cell cultures have not been carried out.

The very surprising finding that mouse ODC expressed in T. brucei

remains stable in the parasite has prompted us to perform several
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additional experiments to verify that the enzyme protein thus expressed is

enzymatically active, capable of forming a stable complex with the suicide

inhibitor DFMO, can cross-react with the antibodies directed against the

authentic mouse ODC, and most of all, has the same subunit molecular

weight as the original enzyme. Although we cannot completely rule out the

possibility of a small truncation of the mouse ODC expressed in T. brucei

which is undetectable by SDS-PAGE, its similar degradation as the

authentic mouse ODC in rabbit reticulocyte lysate, suggests strongly that

the mouse ODC expressed in T. brucei is identical to the native mouse

ODC in every way we have examined. The cytoplasm in T. brucei thus

must lack the machinery present in the cytoplasm of mammalian cells to

degrade mouse ODC rapidly. Although one may question whether the in

vitro degradation of mouse ODC represents the same mechanism as its in

vivo degradation, our observation that T. brucei ODC remains stable in

CHO cells [54] as well as in rabbit reticulocyte lysate tends to validate the

relevance of the latter in vitro system [77].

There are thus at least two reasons for the remarkable stability of T.

brucei ODC in trypanosomes [110]. Firstly, T. brucei ODC lacks the C

terminal peptide consisting of the PEST sequence which functions as a

signal for rapid degradation in mammalian cells [53,54,110,118].

Secondly, T. brucei does not have the capability of degrading a protein

containing the PEST sequence such as the mouse ODC. A possibility that

the relatively high level of mouse ODC expressed in T. brucei may have

overwhelmed the machinery of protein degradation appears unlikely,

because mouse ODC expressed to a similarly high level in CHO cells is

rapidly degraded [53]. Accordingly, any protein dependent upon its PEST

signal for rapid turnover may have a rather long half-life in T. brucei. A
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suicide inhibitor of such a PEST protein will be able to block the protein

function in T. brucei on a long-term basis. But the same inhibitor will be

able to inhibit the same protein function in the mammalian cells only

transiently, because the protein-inhibitor complex is rapidly degraded by

the PEST mechanism [118), and the newly synthesized PEST protein will

be able to function upon removal of the suicide inhibitor from the

environment. Thus, other proteins in T. brucei which contain the PEST

sequences may constitute a group of targets for suicidal, anti-trypanosomal

therapeutic attack, because they may not have a rapid rate of turnover.

However, some caution must be exercised in recognizing that T. brucei

may have only a somewhat different machinery for degrading proteins. It

fails to degrade mouse ODC in this particular case, but may not fail on

some of the other PEST proteins. Further understanding of the

mechanisms of protein degradation in T. brucei will be necessary.

Meanwhile, the specific difference between mouse and T. brucei ODC in

the extra C-terminal 37 amino acid peptide in the former remains the only

well-documented factor causing rapid degradation of mouse ODC in

mammalian cells [53,54].
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CONCLUSION

The major goals that were outlined in the introduction have been

achieved. We were able to determine that 37°C to 26°C is the only

necessary trigger for the differentiation of T. brucei from bloodstream to

procyclic forms in Cunningham's medium and we have characterized some

of the biochemical events associated with the differentiation.

We have used a well-defined biological system to characterize the

factors which are involved, and which clearly are not, in the differentiation

of trypanosomes from the bloodstream forms to the procyclic form in

vitro in Cunningham's medium. In addition, we have shown using this

system that monomorphic and pleomorphic variants of the same strain of

T.brucei, can be used for further studies concerning the biochemical

elucidation of factors necessary for triggering the differentiation of the

pleomorphic variant which are apparently absent in the monomorphic

variant. Since there are no known mutants of T. brucei which can grow as

procyclics at 37°C or mutants which can grow as bloodstream forms at

26°C, this biological system will greatly facilitate the identification of

specific protein factors which are required for differentiation.

The identification of procyclic-stage specific proteins would be

possible using the system we have described and optimized. For example,

RNA could be collected during the differentiation of the pleomorphic and

monomorphic variants of TREU 667 at 26°C and 37°C, and cDNA

libraries constructed of these RNAs. Since we have shown that there is no

logarithmic growth of both variants of the trypanosomes in Cunningham's

medium at either temperature during the first 24 hours, one would most

likely isolate RNAs which code for proteins which are required for the
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differentiation and not for the rapid growth of the cells. By performing a

subtraction of the cDNA libraries, one should find a set of proteins which

are actually required for differentiation. It is possible that one or more of

these procyclic-specific proteins could be sufficient for converting a

bloodstream form trypanosome to a procyclic trypanosome. To test this

hypothesis, these unique cDNAs could be cloned into the transformation

vector developed in our laboratory and individually electroporated into

bloodstream forms of both the monomorphic and pleomorphic variants to

determine if these cells developed into the procyclic form, for the former

strain, and if differentiation to the procyclic form occurred more rapidly,

for the latter strain. In short, by using the well-defined in vitro

differentiation which we have described here, the specific proteins which

are required for differentiation from the bloodstream to the procyclic

form can be identified in the future and this will add tremendously to our

knowledge of the mechanisms used by lower eukaryotes for the regulation

of gene expression during development.
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