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ABSTRACT

The purpose of our studies has been to detcnntne the e f f e c t s  of try—

pan oc idal  drugs on the f u n c t i o n  of t rypanosomes.  We have also been interested

in determining the mode of act ion of t rypan oc l d . I l  drugs . Our approach to

resolving th is  p roblem includes invest i g a t i n g  var ious  enzymes in host and

trypanosomes , s tudying the el te c ts  of t ryp .1 tw4. ’i d . *l drugs on enzyme systems

isolated from trypanosomes and s t u dy i n g  the s t r uc t u r e  and t r ansc r ip t ion

ab i l i ty  of purified k.inetoplast DNA. We are Interested in determining the

reason for the unique selective toxicity of  known t rypan ocidal  drugs.

Our primary results d u r i n g  t h i s  las t V L , I 1  are :

a. Determined opt imal  conditions for measuring DNA , RNA and p rot ein

synthesis in bloodstream and procyclic trypomastigotes ;

b . Observed that. under optimal conditions , berenil does inhibit RNA

synthesis in trypanosomes and increase the’ rate of degradation of

RNA;

c. Characterize Leptomonas sp. k—DNA and developed techniques

app ropriate for T. bruce-i;

d. Maintained T. brucei for several days at 25°C;

e. Initiated cultures of T. brucei infective bloodstream trypo-

mastigotes on Buffalo lung cells and Chinese hamster lung cells ;

f. Identified the electron transport systems present in T. rhodestense

( 14) ;

g. Demonstrated suramin and five other drugs inhibit the L—a—

glycerophosphate oxidase (14 ,15).

- -  ~~~~~~~~~~~~ ‘.5- - --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPR OACH TO TUE PROBLEM

Our app o~t ch  t o  the probl em of dc ’ve ’ loping c- ft e~ t ivc’ t ryp anoc id a l  drugs

is t o  s t ud y  two s oc i fi~- and r e l a ted  areas of t he  h t o c h e m ist r ~- o f t rypanosomes.

We are h-once toed ~ it h the  1-egu lat iou and con tro l  of the  f u n c t i o n i n g  of the

e lect ron  t r anspo r t  syste m during the lift ’ cycl e  of trypanosomes. In order

to ident I f y t a r g e t s  (or potent I al t rypanoc ides , ~.-c must learn more about

t he p r o p er t i e s  of the m itoc hondr ion  in  tryp anosomes i n c lu d i n g :

a) r ep l i ca t ion  of K -DN A ;

b) t r a n s c r i p t i o n  of K— DNA;

c) repression and synthesi s  of mt t o c h o n d r  t a t  e l e c t ro n  t ransport

sys tems .

In a d d i t i o n  we need to s tudy the p r o p e r t i e s  of t he  n—CP oxidase system.

If we can alter the functioning ~f the mtrochondrion or other essential

electron transport systems in trypanosomes , we’ shou ld  be able to inhib i t

the continuation of the life cycle of the trypanosome .

Our working hypothesis Is that the synthesis of th e ’ mitochondr ial

cytochrome sys tem or t h e ’ ~ — CP ox idas t’ system is es~ e~ t I i i  for  the surv iva l

of the trypanosomes and under the control of m it o c h r on d i a l  and nuclear  oN A .

The e lec t ron t ranspor t  sy stems in trypanosomes could be prevented from

f u n c t i o n i n g  by i n h i b i t i o n  of the fa c t o r s  which  con t r o l  t h e i r  synthes is  and

f u n c t i o n . We f eel  t h i s  hypothes is  is e x p e r i m e n ta l l y  t e st ab l e  and pr ag—

m a t i c a l ly  appl icable  fo r  chemotherapy .

The overall objective ’ of oui research pr oj ec t  is t o  gain biochemical

knowledge on macromolecular synthesis and b t o en e r g e t i c s  in Afr ican  t ryp ano—

somes. We want to i d e n t i f y  some unique  propert ies  in t h e  role of mitochondr ia l

DNA or RNA in the  r e g u l at i on  of th e  funct i on ing  of the’ elec t ron transpor t

S. -_ _ _ _ _ . _ . S.
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system wh ich will provide a tool for inhibiting the rep lication of the

parasites. In t h i s  way , we hope t o  deve lop a mort~ rational approach than

now exists for the detection of potential trypan ocidal compounds.

THE BACKCROUN E)

One of the major diseases in the world today is t rypanosomlasis  of man

and animals in Af r i ca .  I t  has been p laced by the’ WHO high on the list of

the ten major health prob lems facing mankind , this list including malaria ,

cancer and heart diseases (1). The Importance of trypanosomiasis as a

veterinary disease has been well—documented recently in an excellent review

by Losos and Ikede (2). The land mass of Africa , south of the Sahara, over

which tsetse flies are distributed and that is thus virtually devoid of

cattle is estimated to be about 4 million square miles. It has been estimated

that if this area could be used, at least US million cattle could be

raised~ ~nd this would more than double the present cattle population of

Africa (3).

Our approach to the research on this problem has been to study the

molecular biology of the causative agent of the disease — the trypanosome.

Trypanosomes are parasitic protozoa of the order Kinetop lastida , Family

Trypanosomatidae. These oganisms are characterized by a large amount of

mitochondrial DNA (kinetop last DNA), usually 5—20% of the total cellular

DNA which is located within .i single , long mitochondrion . These hemoflagellates

are the causative agents for several diseases including T~yj~tnosoma cruzi ,

the causative agent of Chagas’ 1. ~~~~iense and 1. rhodesiense , the causative

agent of African sleeping sickness , and Leishmania donovant and Leishmania

tropica, the causative agents of visceral and cutaneous leishmantasis

respec tively .

~1 . ‘ - .‘--. —.-
-
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We are particularly Interested in one organism , Tiyp.~nostrnia brucei ,

the causative agent of trypanosomiasis in caLf I t ’ , .~hLeep and horses. The

division of the pleomorphic t rypanosomes into three specie’s , 1. brucei

infecting domesticated animals , and T. rh odesie n se and T. &amhiense infecting

man , has no scientific basis. The human sleep ing sickness trypanosomes and

their  morpholog ically  indistinguishable counterpar t s  in game animals are

perhaps best regarded as genetic variants or subspecies of 1. bruce!.  T.

bruce i br ucel of game animals and cattle will not infect man , but T. b.

rhodesiense and T. b. gambiense will , causing respectively , acute sleeping

sickness in East Africa and a more chronic form of the dise - .ist’ in West and

Central Africa. The three T. brucei subspecies are morphologically indis-

tinguishable at all stages in their life cycle .

The question of the function of K-DNA has still not been answered.

There are still no publications confirming the transcription of K—l~ A in

trypanosomes. Several laboratories are investigating the structure of K—DNA

but little information is known on its function.

At present , the effects of trypanocida l drugs of K-DNA is difficult t o

assess. Drugs such as ethidium bromide or acrifl avine are known to h,tv,’

many effects on the macromolecular synthesis in cells In addition to binding

to DNA. We have shown the effects of acriflavine on the me t abolism of C.

fasciculata (4). The respiration of dyskinetoplastic organisms obtained by

acriflavine treatment 1.s lower than that of normal cells and could be

attributed to a decrease in cytochrome content and activity of mitochrondrial

enzymes . In addition , we also detected an increase in the activity of a

number of dehydro gena ses , particularly cs—GP and g lucose—6—p hosp hate dehy—

drogenases (5). However , it must be emphasited that it is certainly not

- 
— - ----~~~~~~~~~~~~~~~~~~~~~~~
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possible to conc lus ive l\ st a t e  t h a t  t he  changes In en .’ yrne a c t  iv i t  v are  a

di rect consequence of an inhibit ion ot k i n e t o p i a s t  DNA rep I ~ t u ion .

Simpson and Lasky (6) have reported the isolation from Ie ’i im t ea

tarentotac of two small KNA species , sedimenttng at 9 and 1.’ S in sucrose

gradients from a hi ghly purified klnetoplast—mlt ochrondrien complex fraction .

The labeling of this RNA in vivo was s e n s i t i ve  to e th i d i um  bromide (2

ug/ml ) but relative ly insensitive t o  actinomycin I) or camptothec -in. Addition

of these RNAs to a wheat germ In v i t ro  p r o t e i n  synthes iz ing  system resulted

in a stimulation of incorporation of il—leuci ne into acid insoluble material.

They proposed that these RNA species represent stable mitoL hondrial messenger

The recent firdings that  the biosynthesis  of m i tochctn dr ia l  enzymes is

stimulated by agents blocking transcription and t ranslation of mi t nchc~~ r i a l

DNA suggests that these enzymes are coded by nuclear genes , synthesized on

cytoplasmic ribosomes , and transplanted into the mitochondrion . It is

clear , therefore , that the functton i~ g of the nuclear genes and mito chon d r ion

are closely related. The cooperation of mitochondri al and nuclear genes

specifying the mitochondrial genetic apparatus is essential to the function

of this resp iratory organelle.

Clearly , our interest in the functioning ot the electron transport

system in trypanosomes is closel y associated net only with the identification

of the properties of the o—CP ox idase system or t ’ . m it~~ hondrial branched

electron t ransport system , but also a’~so~-iated with the funct ion of the

mitochondrial and nuclear genes. Results with Ne’u res~~era  cr ~~ssa , an organ ism

with a branched electron transport system , suggests that the nuclear genes

coding for mttochond~ ial enzymes arc controlled by mitoche-indr ial protein
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synthesis. The mechan i sm of t h i s  cont ro l  is not yet known. Two general

possibilities have been proposed:

U) an indirect mechanism which would -involve a metabolic control

chain connecting respiration and ATP production in the mitochon—

drion with nuclear gene expression ;

(2) a direct control by a repressor like protein which is coded by

mitochondrial DNA , synthesized on initochondrial ribosomes and

exported to the nucleus where it controls the nuclear partner

genes for mitochondrial proteins . Numerous examples are now

available for role of both nuclear and xnitochondrial genes in the

synthesis of mitodiondrial proteins such as ATPase or cytochrome

aa 3 (7).

Experiments to test these various Ideas are needed as we consider the

regulation and control of the synthesis of the electron transport systems

in trypanosomes .

Identification of mode of action of trypanocidal drugs

The need for new trypanocides cannot be overemphasized. At present ,

chemotherapy of African trypanosomiasis is dependent on a relatively si~all

number of synthetic drugs. Suramin and peatamidirte are used for prophylaxia

and treatment of early stages of the disease in man. Organic arsenicals

such as tryparsainide and melaminyl compounds are used for advanced cases,

• when trypanosomes have invaded the central nervous system. The disease in

cattle and other domestic animals is controlled by quaterriary ammonium

trypan ocides (an tryc ide , ethidium , prothidluin , and related drugs) and by

the aromatic diamidine , berenil. Resistance has been reported to occur

against all these drugs and development of resistance to one compound is

often accompanied by cross—resistance to another.
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In humat~ ~v panosom i .U. is , there is t i I i  an u r g en t  req u t  r ement f o r  a

cheap , i~~p k adc: m i  St ert~d and w e ll—to let .tted , pro fe t a b  lv  “one~ shot” drug

wh t ch ~~wld be .m- ~ o t t  e - - t VO .a p rophv L. ic  t I c  .n- p e n t  .u~ i ~i u~- .md .ic t ivt•

ttme ra~ tu t ical Iv against all stages of the m l  t e l  ion m u both Camb l an and t
Rhodes ian sleep lug s ickness,  it should also he iucap.th It’ of Inducing d rug

re s i s t ance  and act  ivo  a~ se a~ a i u s t  s t r a i n s  w i t h  acqul red r e s i s t ance  to

other drugs .

Possibly , the two r e q u i r e m en t s  of prolonged tissue retention (for

prophylaxis) anu abilit y to penetrate into the central nervous system are

mu t u a l ly exc lu s ive , but  w i t h  in cmt ’asing knowled ge of t he  s t r u c t u r e  and

f u n c t i o n  of the so - c a l l e d  “blood b r a in  h a r r i e r ” , t h i s  p rob le m should not be

insuperable.

ic . none of the activ e drugs Is the mode o f a c t i o n  precisely knt~ n. An

excellent review of  the mode of action of  trvpanecid .-ml drugs has been

prepared by Williamson ( 8 ) . More recent studies have suggested that

berenil and ethidium bromide form complexes with DNA. in the case of

etht Jium , it is clear this drug Is a potent and selective inhibitor of DNA

F synthesis. It has seen shown by several investi gators that both phenanthri—

dines and acridines combine with DNA by the hetcrocv lie chromop hore o t  the

drug molecules becoming inserted , or intercalated , between the adjacent

base pairs in the d o u b le- s t ran d e d  helix of DNA. Such intercalati on is

achieved by a parti al uncoiling of the DNA helix which results in the base

pairs above and below the  boun d drug molecule becomin g separated by twice

their normal distance (9).

More recently , it has been shown that  p h en au th r id incs  also bind to

superc ol led DNA of the type  found in cer ta in  t umor v i ruses , mitochondr i a  of 

______________ -~~ 
-
~~~~~

-
~~~~

- —- ~~~~~~~~~~~~~ -~~~ -~



—,- .—
~
-— --

~
.----.——-—--.—

~~~~ 
, •1

- — -~~r~~ ~~~~~~~~-~‘-‘- r’~ ~~~~~~~~~~~~~ ~~ • - — — -- - -

8
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t he se  drugs b ind pr. t erent Ia! Iv t o  such  PN :\ t m ~ v i  vo .md g ive r i s e  t o  dy -k ltie ’

t op  la s t  t rvpanosomen li~) and “pet i t t ’ mu . n m t  ~.
‘‘ ens  t ( 1 1)  . The m o l e c u l a r

basis of this p r e f e r e n t i a l  b i n d i n g  is not vet ful lv m i i m d o r s r  cod . The t i n d i t i g s

that have been observed could  adc~p in t  ely exp l a i n  t h e’ g r o w t h  i nh ft i t  orv

activity of p h en a nt h r i d in e  drugs h u t  i t  rematu-~ t o  be established whethet

their primary act  ion on b loodst  ream t c.rms of t r % -p almosonl e ’s is t o  i n h l h  i t  DNA

synthesis.

Bereni 1, an aromatic diamidine , has been shown under cert.m~ ii c o m i d i  t Ions

to interact with DNA and selectively block k l u e t o - L’st  cep l i c a t  ion (12 .1 ~)

The ear l i e s t  r e p or t e d  e f f e c t  observed of h e r en i l  Is the loeali:at ion Lu the

kinet op last  of T. m cci. This has been d e t e c t e d  by u l t r a v i o l e t  m i c r o s c o py

w i t h in an hou r of a curative dose being injected intruperitoncall y into

infected mice and within seconds of the drug bei ng added to an In v i t r o

suspension of trypanosomes (13). Fur the r  work has showfl that b eren i l  can

form complexes w i t h  p u r i f i e d  DNA , but In c o n t r a s t  t o  phen~m th r i d i ne s , th er e

is good evidence t h a t  the comp lexes are not formed by i n t e rc a  lot  iom ~ ~

A deta i led e x a m i na t i o n  of k in ct op l a st  DNA I so la t ed  f rom h er e nt l  t r e a t e d

1. cruzl  has shown t h at  ninny of the sm al l  c i r c u lar  DNA molecu le s  appear as

branched s t ruc tures  ( 1 2 ) .  These forms , which are thoug ht  to  he ~ci~1icative

molecules , are rarely seen in c o n t ro l  prep arat ions , suggesting that b eren i l

does not block the  r e p l i c a t i on of k i nct op l a s t  DNA at i n i t ia t i o n  but  b i n d s

p r e f e r e n t i a l l y  t o  c e r t a i n  s p e c i f ic  po in t s  In the c i r c u l a r  DNA m o l e c u l e .  As

for phenanthridines , it cannot be said what is the primary effect of berenil

or other diamidines on trypanosomes.
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The mode of action of surainin remains enigmatic even after more than a

half century of use. In vitro exposure of trypanosomes to suramin at r

concentrations as low as l0~~ M is known to reduce their  in fec t iv i ty  whereas

concentrations as high as lO
_2 

N do not affect the motility or respiration

of cells. As would be expected from its structure , the drug binds avidly

to basic proteins and is known to inhibit many isolated enzymes , including

hyaluronidase, f umarase , hexokinase, urease, and RNA polymerase (15). The

ready absorption of this drug by plasma proteins may well account for the

long retention time of the compound in man and animals and contribute to

• its value as a prophylactic agent. The question of how a molecule as large

as suramin enters trypanosomes is an interesting one and it seems possible

that , when protein bound, suramin actively stimulates pinocytosis. As with

the other drugs that we have discussed, there is evidence that surainin

becomes localized in lysosomes. Again whether this is important to the

trypanocidal action of the drug or whether it is a secondary phenomenon is

unknown .

An outstanding characteristic of all pathogenic flagellates is the

complexity of their life cycles. The changes that occur during their

development must all result, directly or indirectly, fr om changes in gene

activity. However, as in other differentiating systems , we know little of

the mechanisms of gene repression and depression which give rise to paras ites

able to repond to changing environmental stimuli. Such knowledge should be

the goal of fu ture research in t~his area. It may well provide the basis

for a more rational approach to chemotherapy. 

_ _ _ _  
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)U:Stl1.’lS AND DL St’LISS ION

A. Cult ivation of T. L L4ce ’~ 01

Dur ing  our s tu d i e s  deve l op tu g  I n f e c t  I Vt ’ f onu s of 1. hr ut -c I in  vi tr o,

we have studied t h e  i n fe c t  lv i  ty  of organisms m~i t n t  a i ned  in RPMI 1640 plus

5% fetal calf serum (FCS) at 25°C and 37°C. Organisms matnt ained at 37°C

die after 24 hours . However , organisms grown at 2~~ C In this medium remain

infective for at least fou r days. A tcsult of a t y p I c a l  exp er iment  is seen

in f i g u r e  1. The culture’s are i n i t ia t e d  w i t h  1 — ~ x io
6 

cells/mi . On day

4 , trypanosoumes from c u l t u r e  were i n j ec t ed  into Irradiated mice (800 rads)

and infectivity results observed in comparison to ino culum obtained from

frozen stabtiates. Repeatedly, the  cu l tu re d  t rypan osomes were infective .

As can ho seen in table I, the number of trypanosomes in cultures decreased

slightly. However , after four days , the trypanosomes were still active .

Incubation for periods greater than four days resulted in marked decreases

in cell numbers , strange forms present , loss of infectivity and cell death.

These results Indicated th at  i n fec t i v e  form s of 1. brucet could be

maintained at 2 ‘°C for short periods of time . In addi I. ion , during days 1—3

numerous dividing trypanosomes could he seen. This system could be p a r t i c u l a r l y

advantageous since n~ “seed ” tissue culture’ cells LIre’ required . Thus

during incorporation studies , competition from the tissue’ culture cells

would not be a problem. It has also been p o ss i b l e  t o  remove these infective

trypanosomes from tIme RPMI on day 3 and place them in t h e  F — I l  medium also

at 25° C. The trypanosomes then t r an s f o r m  to the procyclic trypomasttgotes

which are the form s found In the midgut of the tsetse fly. Thus at 25°C,

it has been possible to obtain both forms of trypanosomes.

_ _ _ _ _  
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Our efforts to develop long—tens infective forms In culture are con-

tinuing. These ce l l s must be maintained In RPM1 medium at 37°C over “seed”

tissue cu l tu re  cells (14 ) .  We have been a t tempt  imm g to  grow the t rypanosomes

on three different tissue culture cells :

a) Buffalo lung cells (CCL 40)

b) Chinese hamster lung cells (CCI, 16)

c) Steer fibroblast. cells from perip hera l blood . These cells

were obtained from Hirumi. et  al. (1).

We now have the tissue cells required in large cultures and culture

experiments are now beginning. Earlier experiments with tissue culture

cells wh ich grow rap idl y (e.g., MDBK cells or CHO cells) were not successful

as the tissue culture cells probably removed most nutrients from the RPM1

media or perhaps produced products that made it difficult for the trypanosomes

to develop . The slow growing lines that we art’ now using should he better

for these experiments. Preliminary results show growth of T. bruce! on the

buffalo lung cells (CCL 40) and the Chinese hamster lung cells (CCI 16).

With the b u f f a l o  lun g cells , the trypanosomes grow close to the tissue

culture cells. With the Chinese hamster cells , the trypanosomes rem.iin in

the medium above the tissue culture cells. The medium in both cases is

RPM! 1640 plus 20% fetal calf serum.

We wish to establish all three forms of T. bruce! In our laboratory so

that we can distinguish them biochemically and observe the effects of

trypanocidal drugs on these forms . The three forums of T. brucei Include :

a) bloodstream trypomastigote f o r m t ;

b) cultured procyclic trypomastigote forms;

c) cul tured bloodstream t rypomast igote  forms .
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The f i r s t  tv~’ a t e  c le ar l y  est ~h 1ish t ’d .  C u l t  urcel p i o t -v e l l  c t rypomast igot es

ar e growing w e l l  in t h e  F— 13 medium (Tab le  I )  . The’ cult ured infect ive

bloodstream trypon ast i gotes must now t-’c established.

El fects of tr ioctdn1 dr~~~~on svnthes is of m ’maeromole cules

The identification of the RPML medium as an exce l lent medium for

incubation of bloodstream try panosomes , as noted i n  the  previous sect ion ,

has provided us an environment fo r  measur ing  DNA , RNA and protein synthesis

in 1. brucei.

Thus , we have made progress in looking at the effects of trypanocidal

dru gs on DNA , RNA and proteins in T. bru ce t .  In order to study these

activi t ies  in v i t ro,  we have had to determine condi t ions  for  the t rypanosowes

under which they incorporate labeled precursors at a significan t rate. The

experiments have been done with both cultured procyclic t rypomastigotes and

bloodstream trypomastigotes of T. brucci. Once the proper conditions for

inc orpora tion have been de termined , the effects of trypanocidal drugs on

these processes can he studied.

The experiments involve growth of the procyclic trypomnastigote forms

in culture in the F—13 medium (Table II) or the obtaining of b1oodstr~ im

trypomastigote forms f rom infected rats. The trypanosomes are collected

and purified (2), and p laced in an incubation medium at 25°C or 37°C.

Labeled precursors are added and samples arc taken at specified time inter-

vals. We used 3H—uridine for RNA labeling, 
3H-leuc ine for protein labeling

and 3H-thymidine for DNA labeling . These samples are placed in cold TCA

and filtered to retain the precip itate on the filter. The filters are then

p laced in a l iquid s cin t i l l a t i o n  f l u i d  and counted. ‘1 

.~~~~~~-__
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In t h e  in i t  i at exp er im en t s  low conct’nt rat! otis of cm ’ 11 S were used.

Bloodstre am trypomastigotes were’ at a concent rat ion of I ~ 1O~ c e l l s/ mi and

procycl ic trypomastigotes were at  a concent r a t i o n  ot ~
‘ x 10~ cells/mi.

Then the techniques of growing the  ccl is in c u l t u r e  in i p r o v e d  and the techni que

of recovering the cel ls  from the blood becam e’ more r e f i n e d .  T h i s  enabled

us to Increase the concentration of the cells, in  l a t e r  expe l  I n t e n t s

bloodstream t rypomast i gotes have been at a conccntr.;t ion of  .‘ x 10 8 ce l l s / m I

and procycl ic  trypomastigotes  arc at ~ c o ncen tr a t  t on of S x ~~~ ce ll s /m i .

Initially , we had to determine the proper i n c u b a t i o n  medi um and tempera-

ture for the trypax-mos omes . The two medi a  tes ted vet-c :

a) RPMI 1640 plus 5Z f e t a l  calf  serum ;

b) F—13 p lus 5% fetal calf serum (Table II).

Thes e med ia are con~nerc ially ava ilab le f ro m CIB CO and have been used

for growing the trypanosomes in vitro (~
‘).

As shown in figure 2, 3H—leucine Incorporation by bloodstream t rypo-

mastigotes  of T. brucel  110 occurs o p t i m a l l y  .t~ RPM1 at 37° C. I f  the cel ls

are incubated at the  lower temperature , incorp orat ion decreases a f t e r  10—20

minutes .  Incorporation of bloodstream form s in the F-13 medium at e”-her

temperature is significantly less than the results obtained with RPM!.

Incorporat ion of 3H— leuclne by p r o c y c l i c  t r ypo mast i got ~~ occurred optimally

in 25° C in the F— 13 medium (Figure  3).  Many t imes when these form s were

placed in the RPMI medium , the med ium became a c id i c  du r ing  t h e  incuba t ion

and the trypan osomnea were ki l led , part icularly at 37°C.

The incorporation of 3H—ur idtn t ’  by the bloodstream trypomastigotes was

greater in RPMI at 37° C (Figure 4). The results indicated that uridine

- — - - ~~~~~
-- -- --- -

~~
---- - - -
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~~ 
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incorporation is more significantly affected by lowering the temperature to

25° C than leucine incorporat ion.  As noted In fI gure 5 , 3H- u r id ine  incorpora t ion

by culture f orms occurs more s a t i s f a c t o r i l y  in t h e  F- 11  m e d ium at 25° C.

From numerous experiments like those discussed , it was concluded that

T. brucei bloodstream trypotnastigotes Incorporated precursors optimally in

the RPM! medium at 37°C. On the other hand , the’ cu l tu r ed  p r o c y c l i c  trypo—

mastigotes incorporated precursors optimally in the F-l3 medium at 25°C.

Further  experiments were done under these condit ions .

A f t e r  running numerous incorporations on T. brucei  using 311-uridine,

3
H—leucine and 

3H—thymidtne , typical curves emerged. With bloodstream try —

pomas tigotes , as seen in f igure 6 , with  3H—ur id in e  incorporat ion there Is

an initial lag period lasting 5 — 10 mInutes. Then the uptake of uridine

becomes linear at a high rate reaching about 25,000 cpm . 
3H-leucine

incorporation has no lag period and remains linear throug h out the 60 minutes ,

generally reaching no more than 4000 cpm. 3H-thymidine incorporation has

an initial lag period of approximately 50 minutes after the beg inning of

the experiment , at which time it begins to leve l of f  and incorporation is

minimal. This may be due to the activity of a thyinidine phosphory ias~

present in the trypanosomes (16).

Typical curves for T. brucei procyclic trypomastigotes were also

obtained. These curves are shown in figure 7. As with bloodstream forms ,

certain patterns became apparent :

a) The incorporation of 
3
R—uridine has an extended lag period , which

has two par ts, the first 0 to 20 minutes when incorpora t ion  is at

a slow but steady rate , and the second 20 to 40 minutes where

there Is a transition to an increasing rate of incorpor ion .

~

- ----
- -

~

- -
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The incorporation becomes linear and quite rap id with a maximum

of about 6500 cpm ;

b) As with bloodstream trypomastigotes , the incorporation approached

5000 cptn ,

c) 3H—thymi d ine incorporation in culture forms appears to be low.

It is linear , and does not seem to level out at the end as does

thymidine incorporation in bloodstream trypomastigotes . At its

maximum , 
3H—thymidine incorporation approaches 1000 cpm.

In order to determine the optimal age of cells to be used 3H—leucine

incorporation was studied with cells from different growth periods. As

shown in f igure 8, greater incorporation occurred with younger cells.

Cells that are three days old appear to be most satisfactory. These could

be due to the fact that they are in the mid—log phase of growth. After

three days , it is also possible to isolate from 300 mis of inocluated

med ia, 1.5 — 2.0 x 1O
9 cells which is sufficient for several incorporation

experiments. After 4 days in culture , the cells are quite inactive as far

as incorporating leucine is concerned.

The effect of berenil on RNA synthesis in T. brucei bloodstream trypo—

mastigotes was determined (figure 9). Three different concentrations of

berenil were used (e.g., 2.5, 5.0 and 10.0 pg/mi). Although the experiment

presented in figure 9 was done at 10 pg/m i, essentially the same results

were obtained at the lower concentrations of berettil.

In these experiments , the basic procedure was that at plus 30 minutes ,

5 ~.ii of IN uridine (unlabeled) is added as a cold chase to one flask . In

order to see the e ff e c t  of berenil alone , 5 p 1 of berenil solution is added

to second flask. To a third flask is added 5 p1 of 1M uridine (unlabeled)

—I. - r~~~
_
~_- -----— —~ - - -  — - - --- “ ---- --—-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and 5 p1 of berenil. A fourth flask serves as a control and only receives

buffer. These experiments indicate that bloodstream trypomastigotes are

sensitive to low concentrations of berenil. The results of the berenil and

cold chase together indicate that berenil may not only stop incorporation

but also stimulate degradation of some of the stable RNAs present.

These experiments suggest that ideal conditions for bloodstream and

procyclic trypomastigotes may differ markedly . However, we have been able

to identify conditions under which we can measure DNA , RNA and protein

synthesis. We have also been able to extend these studies to a characteri-

zation of the effects of berenil on RNA synthesis. We can now continue

these studies on the effec ts of berenil on DNA syn thesis as well as look at

the effects of other potential trypanocidal drugs.

• 
C. Structure of L~p -tomonaA sp. kinetoplast DNA

Dur ing the last several mon ths , our efforts in characterizing the

kinetoplast DNA (k—DNA) by isopycnic gradient centrifugation has been quite

successful. Also, during this per iod , we have completed our work on the

thermal chromatography of this k—DNA , the results of which we re repor ted at

the Annual Meeting of the Ame rican Society for Microbiology in May of this

year.

Figure 10 shows the final results of the thermal chromatography of

Leptomonas sp. k—DNA and our purified standards of Crithidia acanthocephali

kDNA , ~—29 (bacteriophage) DNA and lambda (bacteriophage) DNA on hydroxyl—

apatite. Sonicated k—DNA networks or isolated subunit fractions in 0.12 H

NAP buffer were eluted stepwise from the column by increasing the temperature

of the column and buffer prior to each step. Using the ~—29 and lambda

IL
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DNA ’s as s tandards  and the Crith idia  acanthocep ha l i  k— DN A as control , the

Tm of the Leptomona s sp. k—DNA was determined to be equivalent  to tha t  of

the lambda DNA , i.e., 89°C — 90° C.

The results of our determinations of the bouyant densities of the

Lept omonas sp. kinetop last and nuclear DNA in CsC1 us ing the Model E ,

Analytical Ultracentrifuge (Beckman Instruments , Inc.) are presented in

figures 11— 13. Figure 11 is a reproduction of the densitometer tracing

with purified (A) Leptomonas sp. k—DNA and marker Micrococcus lysodeikticus

DNA and (B) lambda DNA and Micrococcus lysodeikticus DNA.

Figure 12 shows the same components as are in (A) and (B) of Figure 11

with  the addit ion of pu r i f i ed  Leptomonas sp. nuclear DNA. Figure 13 indicates

the results of a mixing experiment. An increase in the peak height of the

k—DNA peak occurs on the addition of lambda DNA (B) suggesting a bouyant

H ‘ density equivalent to that of the lambda DNA. Al l  of these determinations

have been repeated several times with different preparations of Leptoinonas

sp. k—DNA using single—cell runs in the Model E with  a counter—balance in

place. Similar results were obtained in each case. The conclusions of

these experiments with Leptomonas sp. k—DNA are presen~ed in tab le lIT .

Two sets of experiments are now in progress to complete this work on

the Leptomonas sp. kDNA.

a) Tm~ de te rmina t ion  on the sonicated networks of the pur i f i ed  k—DN A

will further establish the % G+C of the RNA.

b) Contour length measurements of the isolates minictr cle will be

used t o  determine the unit molecular weight of these structures.

The intact networks of purified ~~ptoinonas sp. kDNA have been digested

by r e s t r i c ti on  end onu cle .ises and the products of the sep a~atc limit digests

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- 
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visualized by agarose and polyacrylainide gel electrophoresis. The component

circular kDNA molecules vcre shown to be comprised of at least three different

types based on the number of fragments produced and their related molecular

weights. Digestion by Eco RI, Hind II, Hind I I I , Bgl II and Alu I endonuc leases

gene rated single fr agmen~s of about 5.6 x 10~ daltons. No pieces of greater

molecular weight were made by these enzymes. However, Mae II and Barn HI

digestion prod ucts were all of greater molecular weight than the above.

Only abou t 15% of the in tact ne tworks were hydrolyz ed by these restriction

endonucleases even after exhaustive treatment. In contrast , digestion by

Hpa I , Hpa II , and Mae I I I  yielded fragments with molecular weights less

than the unit length linear molecule. Almost complete digestion of the

intact associations occurred when these three enzymes were used. Five

major fragments were produced.

The Leptomonas sp. kDNA that we have used has been purified from cells

harvested at late log or stationary phase of growth. Figure 14 is a photo-

graph of Leptomonas sp. kDNA purified from late log phase. The DNA has

attained equilibrium during centrifugation in CsC]. containing 300 pg/mi of

etbidium bromide. The lower band consists of complete networks of ktNA

that contain minicircies that are covalently closed. The middle ban d

consists also of comp lete networks, but the majority of minicircies are

nicked. The uppermost band has yet to be characterized , but it is expected

that it will be mostly linear molecules of minicircie unit length with

possible fragments of nuclear DNA. Figure 15 shows the same type of kUNA

prepara tion, but DNA was initially purified from cells grown to stationary

phase. As can be seen , no upper band , presumably linear molecules, are

present. The upper band in figure 14 could be replicating intermediates of

the kDNA , as DNA synthesis has stopped by the time the cells have reached

-

~

-.



S t a t i onary phase. Fu r t h e r  work is being done t o  det t m ine t he source and

na tu re  of the upper baud.

The purpose of these studies has been to c h a r a c ter i z e  the kDNA present

in ~ monas sp. and to develop techniques appropri .itt’ for the analysis of

the kDNA of i~~panosoma hrucei .  This has been desired in order to  i den t i f y

if the kDN A is template for RNA t ranscr i p t s .  At present , we p lan on con—

tinuing these studies but with T. bruce!  s ince it  can now be obtained in

appropria te quantities.

D. Effect of trypanoctdai drugs on function ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

in trypanosomes

We have studied the steady state oxygen k i n e t i c s  of b l oods t ream T.

thodesiense. Low oxygen concentrat ion gradients  (e.g., 0 - 0.5 pM 0.,) have

been employed for determining the apparent K for  oxygen for  the n-CP

oxidase present (17 , 18). As seen in f igu re  16 , the resp i ra t ion  of in tac t

cells 1. rhodeslense was stimulated for glucose and DL-a-CP . In th is  open

electrod e sys tem, an increase in respiration is indicated by a decrease in

the oxygen tension in the cuvette . The intact cell respiration is inhibited

only slightly (0—102) by CO or azide . However, it is markedis inhibited by

•alicylhydroxam.ic acid (SHAM), a known i n h i b i tor  of cy an ide—insens i t ive

resp i rat ion  ( 19—2 1) .  In studies to determin..~ the aff inity of the n—CF

oxidase for  oxygen , we have observed that  the i n t act  ce l l s  have 3 K of

2.0 — 8.0 pM 0
2•

Howeve r , more detai led in fo rma t ion  can be ob t a ined  us ing  a p a r t i c u l a t e

enzyme prepara t ion f r om bloods t ream form s of ‘V. rhodesiense. In the presence

of n-CF and de fa tt ed bovine serum albumin (BSA) , the cs—CF oxid.~se in 1.

_  
-“~~~.- 
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rhodesiense has an apparent K 2.1 ± 0.5 ~M O~ (F igu r e  17). In the

pres ence of BSA , the’ oxidase activity of K
m 

w~~ ; i ncreased  4 -6  fo ld  ( f ig u r e

18). The reciprocal p lots in the presence and absence of BSA are parallel,

demonstrating an activation of the oxidase by BSA.

As seen in figure 17, the ce—CF oxidase is not inhibited by CO. However,

we have identified the mode of inhibition of inhibitors of the a—CP oxidase

including SHAM , dip henylamine , o—p henanthroline , cs ,a ’ di pyr idy l , su ramia

and o—hydroxydiphenyl. The most effective inhibitor was SHAM. As can be

seen in figure 19, the inh ib i t ion  by SHAM is noncoinpetitive wi th  respect to

oxygen with  a K1 5.4 ~ 0.4 pM. The and type of inhibi t ion for the

other inhibitors are g iven in table IV . The t rypanocidal  drug suramin is

an effective inhibitor of the ce—CF oxidase (Figure 20). As noted in table

IV, it is an uncompetitive inhibitor of the cs—CF oxidase with respect to

02
. Bowman and Fairlamb (19) have provided evidence that suramin is a

competitive inhibitor of the a—CF oxidase with respect to L—n —GP , the K1

being 4.1 pM. As seen in figure 21, the for o—phenanthroline is 1.0 mM.

Procyclic Trypomastigot es

In contrast to the bloodstream form s , early studies by several ~~“esti gators

demonstrated that  procyclic tryposnastigotes had cyanide— sensit ive respiration,

suggesting the presence of cytochrom e aa
3 

Spectral examination of T.

gambiense (23), T. rhodesiense (24,25) and T. brucel (15) have provided

evidence for  cytochrosue aa3 
in both CO—difference spectra and absolute

spectra of procyclic tryposnastigotes in 1’. brucei. Thus , the cyanide and

azide sensit ivi ty in these cells can be ascribed to the presence of cyto—

chrome aa
3
. However, no action spectral evidence for cytochrome aa3 

has

been reported for pathogenic trypanosomes.
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Studies w i t h  the open electrode system w i t h  p rocycl ic  t ryponasti gotes

have p rovided evidence for additional terminal oxidases. In f i gure 22 ,

several steady states are evident in the presence of various respiratory

inhibitors. On the addition of 0.5 mM SHAM, 20—25% inhIbition of cellular

respiration occurs. In addition , 4.5 mM azide Inhibits 50—60% of the res-

piration. The respiration inhibited by SHAM or azide is not sensitive to

azide or SHAM respectively. However , as seen in Figure 22 , 15—20% of the

cell respiration is insensitive to both high concentrations of SHAM and

azide.

These results provide strong evidence for three terminal oxidases

functioning in these organisms:

a) A SHAM—sensitive , azide—Insensitive oxidase supporting 15—20%

of the respiration in the cells ;

b) An azide—sensitive, SHAM—insensitive oxidase supporting the

majority (50—60%) of the cell respiration. This oxidase is

Inhibited by CO with a K~ 0.3 ~M CO with respect to oxygen ;

c) An azide and SHAM—insensitive oxidase which supports 15—20% of

the cellular respiration. It is also inhibited by CO with

= 0.7 ~M CO with respect to oxygen.

In f igures 23 and 24 , one can observe the steady states that are

present on the addition of L—cs—CP or succinate to particulate preparations

of T. brucel. This organism also has three oxidases evident in steady

state experiments (15).
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Three important points can be noted:

a) All  three steady State levels are evident with either substrate.

This provides strong evidence that the SHAM—sensitive pathway

is not specific in these procyclic trypomastigotes for L—a—GP ;

b) A greater percentage of SHAM—sensitive activity occurs with

L—a-GP as substrate. With  L— a—CP as subst ra te , the steady

state level was reduced 48% in the presence of SHAM . However ,

with succinate as the substrate , the steady state level was reduced

21% ;

c) In the presence of L—cz—CP, BSA stimulates the a—CP oxidase

activity (Figure 23). This is similar to the response of the

a—CP oxidase found in the bloodstream tryposnastigotes.

The steady state oxygen kinetics of procyclie trypomastigotes have

• provided clear evidence that the affinity for oxygen for trypanosomes found

in the midgut of the tsetse fly is high. Reciprocal plots of the procyclic

trypomastigotes of T. rhodesiense reveal an apparent K 0.1 ± 0.02 pM 0
2

(Figure 25). The multiphasic nature of the curves suggests that several

terminal oxidases are functioning .

The significance of these results in the electron transport system in

T. brucei and T. rhodesiense have been extensively discussed in the manuscript

that we have recently submitted to The Journal of Biological Chemistry. A

preprint is included in this renewal application.

During the transformation of African trypanosomes from bloodstream

trypomastigotes forms to procyclic trypomastigote forms, oxidases with high

affi nities for oxygen are synthesized. With the oxygen tension extremely

low in the midgut of the tsetse fly , the synthesis in the trypanosome of

it
_ _ _  _ _ _ _ __ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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oxidases with high affinities f or oxygen may be essential for survival In

the tsetse fly. Our present efforts are directed to studying fac tors which

regulate the synthesis and function of these oxidases during the life cycle

of trypanosomes. -

The development of the ci—GP oxidase during the transformation of the

metacyclic trypouiastigotes back to the bloodstream slender trypomastigotes

needs ~‘a be investigated. No biochemical evidence exists on the electron

transport system present in the metacyclic try pomastigotes. However , it is

clear these trypanosomes are infectious to vertebrates and in most Afr ican

t rypanosomes have begun to produce the variant surface antigen present in

the bloodstream forms. Further biochemical studies on these forms may

provide evidence useful in developing a rational approach to the cheino—

therapy of this serious disease.

A more detailed descrip tion and discussion of the electron transport

system In trypanosomes can be found in a recent review prepared by the

4 principal investigator -(26). 
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CONCLU SIONS

Our primary results during this last year :

a. Determined optima l conditions for measuring DNA , RNA and prote in

synthesis in bloodstream and procyclic trypomastigotes;

b. Observed that under optima l conditions , berenil doe s inhibi t RNA

synthesis in trypanosomes and increases the rate of degradation of

RNA ;

c. Characterized p omonas sp. K-DNA and developed techniques

appropriate for T. brucel;

d. Maintained T. brucei for several days at 25°C;

e. Initiated cultures of T. brucei infective bloodstream trypo—

mas t igotes on Buffalo lung cells and Chinese hamster lung cells;

f. Identified the electron transport systems present in T. rhodesiense

(‘5) ;

g. Demonstrated that suramin and five other drugs inhibit the L-cs—

glycerophospha te oxidase (15).

-
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RECO*WN DAT IONS

Our main recommendation would be to provide increased support to

the development of a culture system for infective forms of bloodstream

trypanosomes, such as T. rhodesiense and T. brucei. Progress in this

area would provide a model system for the testing of trypanocidal drugs.

In addition , a system for studying the differentiation of trypanosomes

and the process of antigenic variation would be available.

The development of this in v i t ro  culture system in order to study

basic mechanisms of African trypanosomes under str ingently controlled

cond it ions is of paramount importance today. An outstanding character-

istic of all pathogenic flagellates is the complexity of their life

cycles. The changes that occur during their development must all result,

d irec tly or indirectly, from changes in gene activity. However, as in

other dif feren tiating systems, we know little of the mechanisms of gene

repression and depression which give rise to parasites able to respond to

changing environmental stimuli. Such knowledge should be the goal of the

future research in this area. It may well prov ide the bas is for a more

rational approach to chemotherapy .

- - a - . -~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~-- - --- -
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Table I
S

Change in Cell Number of T. brucel in RPUI Medium at 25°C

Hours in Count in Flask 6Culture (cells/mi x 10 )

0 1.0* 1.6k

24 
- . 1.1 1.7

48 0.9 1.9
72 - ... 

~. 
- 1.1 2.0

96 0.8 1.8

‘T brucei was inoculat ed into flasks at this initia l ccl].
concentration. Th. calls were counted daily. The medium in
which the cells were added was RPMI 1640 plus 5Z fetal calf serum.
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- Table I I

Modified )tinjmal Essentia l Med ium -

for Hemof1agella~es (F—13) 
-

Per Liter

Ilinim un Essenti al Nedium

(Joklik—modified) cat. no. F—13

with: L—Clutamine, Antibiotics

and NaHCO3 
-

without: Calcium Chloride (GTBCO) 13.4 gm

){E24 Amino Acids 50X (d ECO) - 10.0 ml

M~ t Non—Essential Amino Acids 100X (d ECO) 10.0 ml
S.

Na—pyruvate b O X  (dISCO) 11.0 ml

Etotin 0.1 ag

Bemin solution (1 mg/mi in pyridine) 6.0 ml

Fetal Calf Serum (dISCO) 50.0 ml

BEPES* 
.. 

6.0 gm

L—Prolins - 1.7 gm

pH to 7.2—7.4 and filter steriliss

alm a]. concentration of buffer — 0.025M

S
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Table II I

Li~Lptomonas ap. Kinetoplast DNA

Tin 90°C

p CsC1 1.708 gm/mi
c + c  - .

- 48 - 492 -

S.
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Tabl.V
- • 1 4

Effect of Suramjn on Infection Of

~~ypanosoma brucist 
- 

-

Cell Numbers

Hours after Suramin Suramim
Treatment Control (5.0 m~~kg) (10.0 mg/kg)

O 3.7x108 7.2x108 4 6xlo~~

+2 hr s. 4.7x108 6.8x108 4.6zl0~
+5 hr.. 7.Qx108 6.6x10

8 
4.1x10

8

+19 brs. Dead 6.8x108 0

+26 hrs. 0 - 0

. 
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Figure teg~~4~

Figure 1. Infect ivity of trypanosomes cultured in vitro in RPMI medium

plus 5% fetal calf serum for four days. Both cultured blood—

streazi trypanosomes and stabilates were inoculated at 1 x 106 
-

cells/mi.

Figure 2. Results of incorporation studies with 3R—leucine with.bloodstrea in

trypocastigotes of Trypanosoina brucei. The concentration of cells

was 1 x 1O~ cells/mi. 
-

Figure 3. R•sults of incorpo ration studies with 3H-.leucine with procy clic

tr ypor~astigotes of Trypan osouia br ucei. The concentration of

cells was 5 x 10~ cells/mi.

Figure 4. Results of incorporation studies with 3R—uridine with bloodstream

trypow.astigotes of Trypanosoma brucei. The concentratio n of

L cells was 1 ~ io8 cells/mi .

Figure 3. Results of Incorporation studies with 3H—ur idine with procyc lic

t rypo~.astigotes of Trypanosoma brucet. The concentration of

cells ~as 2 x 1O7 cells/mi .

Figure 6. Re sults of incorporation studies with 3H—uridine, 3H—leuc ine

and 3H—thyinid ina with bloodstream t rypomastigotes of  Trypanosoma

brucet. The concentration of cells was 2 x 1O~ cells/m i .

Figure 7. Results of incorporation studies with 311—urldine, 
3H— I.eucine

and 3H-thymidlne with procyclic trypomastigotes of Trypanosoma

brucet. The concentration of cells was 5 x cells/mi.

- 
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Figure 8. Effect of different ages of cells on 3H—leucine incorporation

with procyclic trypoisastigotes o~ Trypanosorna brucel. The

incubation was at 25°C in P— 13 med ium . The concentration of
7cells was 5 x 10 cells/mi. .

Figure 9. Effec t of berenil on the incorporation of 3H—uridine with blood-

stream forms of Trypanosotna brucci. The concentration of cells

was 1 x 10 cells/mi.

Figure 10. Results of the thermal chromatography of teptomonas ep. kinetoplast

DNA and purified stan dards of Crithid ia acanthocephali kinetoplast

DMA, j—29 (bacteriophage) DNA and lacibda (bacteriophage) DMA on

bydroxylapatite.

Figure 11. Densito meter ‘tracing of purified A) Leptomonas sp. k.tnetoplast DNA

and marker Micr ococcus lysod eik t icus DNA and B) lambda DNA and

Micrococcus lysodeiktieus DNA.

Figure 12. Densit ometer tracing of the same DNAs as in Figure 12 with the

addition of purifie d Leptomonas sp. nuclear DNA .

Figure 13. Densitometer tracing of a mixing experiment . Tracing A is of

Lepto monas sp. kinetop last DNA and marker Micrococcus lysodeckttcus

DNA. In trac ing E , lambda DNA has been added .

Figure 14. Photogra ph of the results of a CaC1—ethidium bromide ultracen —

trifuga cion experiment with Leptosnonas sp. kinetoplast DNA isolated

from sta tionary phase cells.
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Figure 15. Photograph of the results of a CsCI—ethidium bromide ultra—

centrifugation experieinent with Leptomonas sp. kinetopfast

DXA isolated fro m stationary phase cells.

Figure 16. Steady state oxygen trace of Trypanosoma rhodesiense blood —
7stream trypomastigotes (4.0 x 10 cells/mi). -

Figure 17. Reciprocal plots of Trypanosoma rhodesiense a—CP oxidase against

low concentratio ns of oxygen. The three curves (a , b and c)

represent increasing concentrations of enzyme (4.0, 6.0 and

8.0 mg protein/mi respectivel y). The concentratio n of CO was

84~~aN. .~~ 
- 

-

Figure 18. Reciprocal plot of Trypanosoma rhodesiense a—CP oxidase activity

aga inst low concentrations of oxygen in the absence and presence

of defatte d bovine serum albumin (BSA) . Enzyme concentration is

4.0 protein/mi . 
-

Figure 19. Di.’con plot for SHA2I inhibition of a—CP oxidase prepared from

Trypanosoma rhodesiense. -
.

Figure 20. Reciprocal plot of the ä—CP oxidase activity in a par tic ulate

preparation from Trypanosoma rhodesiense against low concentra—

tions of suramin . . -

Figure 21. Dixon plot for o-phenanthroltne inhibition of a—C!~ oxidase

prepared from Trypanosoma rhodesiense. - 

-

Figure 22. Stead y state oxygen trace of Trypanosoina rhodesiense procyclic

trypon~astigotes (1.2 x 1O~ cells/mi).

_  - -
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Figure 23. Steady state oxygen trace of par t icula te  preparation fron

Trypanosona brucei procyclic trypomastigotes using DL—a—CP

substrate- The protein concentration is 4.0 mg/mi.

Figure 26. Steady state oxygen trace of a particulate from Trypanosoma

brucel. procyclic trypomastigotes using succinate as substrate.

The protein concentration is 4.0 mg/mi. 
-

Figure 25. Reciprocal plot of procyclic trypomastigote forms of Trypanosoma

rhodesiense DL—a—glycerophosphate oxidation against low concen—

tratio ns of oxygen. The five curves (.~,b,c,d and e) represent

increasing concentrations of cells (3.0, 4.5 , 6.0 , 7.3 and

9.0 x 1O7 cells/nd). -

Figure 26. Cooperatio n of mitochondrial and nuclear genes specifying the

synthesis of an alternative oxidase (20) .
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FIg ure 2
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Figure 3 -
- 

-

- ~14 i
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Figure 4

T. brucol 110 - CLOOD$TflEAt~1
U R I D I~ E INCORP ORATION
TEMPERATUr~E AND MEDIA COMPARISON
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Figure 5
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Figu re 6

T. brucc% I 110 - BLOODSTREAM

RPM1 + 5% FCS 37%C •
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Figure 7
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Figure 8

T. brucol ItO - CULTURE FORM 
-

LEUCIUE INCORPORATI ON
25°C - F~ + 5% FCS

5 X I0~ CELLS/mi

5 ,
A 3 DAV

• ‘
2 

~ 
~~~,ACULTURE

~_~4~~~ Ø~~A cULTuRE

2

, CULTURE 

—

$0 20 30 40 50 60 70 60

MINUTES



~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ ~

‘ -- - . - - L~~~~~~~~~~~~~ T~~~~~
-TT 

- T ~

Figure 9

1. bruccl I tO - BLOODSTREAM FORM
RPMI + 5% FCS - 37°C
URIDINE IUCORPORATION ± BEREW1L (IOjig/mI)
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FIgure 16

I.rhodesiense (bloodstream cells)
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FIgure 17

t rhodesiense (enzyme)
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Figure 18

T.rhodesiense (enzyme) 
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- Figure 19

- T. rhodesiense (enzyme)
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Figure 20

T.rhodesiense (enzyme)
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Figure 21

- ON

N -

W O  SO _

• I
.

.
~~~

.l 

:~~~~~~~~~~~~~~~

• 

~—I> 
- 

(t,INrf) ~~~~~ 

~:



- - • - -- --—-- 
~~~
‘ . - _ -

~~~~~~~~~

_
- -

~~~ 

. - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • 
~~~~~~.I 

~~~~~~

- Figure 22

T. rhodesiense (culture cells)
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Figure 23 
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I brucel (culture cells) 
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Figure 24 - i -

I brucel (particulate prep.) 
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Figure 25

T. rhodesiertse (culture cells)
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Figure 26
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