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ENFLAGELLATION OF NAEGLERIA FOWLERI 
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Major Professor: Dr. S .  Gaylen Bradley 

Organisms of the genus Naegleria differentiate from 

feeding, dividing amebae into temporary swimming flagel-

lates when deprived of nutrients. Factors critical for 

enflagellation of the pathogenic species, �. fo\v'l�ri, \v'ere 

delineated and optimal conditions established for evoking 

reproducible conversion of N. fowleri populations. N. 

fowleri enflagellation differed from that of �. grub�Ji 111 

its dependence upon growth phase, population density 

during enflagellation and in the timing and extent of the 

conversion. N. fowleri amebae from stationary phase cul-

tures grown at 37°C, washed free of medium and suspended 

in nutrient-free ameba saline, acquired flagella and con-

verted to mature flagellates in a synchronous manner be-

ginning 90 minutes after subculture to ameba saline. No 

prolonged intermediate round phase occurred during �. 
fowleri enflagellation such as has been seen with N .  

gruberi. Enflagellation of �. fowleri was prevented by 

actinomycin D and cycloheximide added at the time of 

subculture to non-nutrient medium. Delayed additions of 
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the same inhibitors caused hastened reversion of flagel

lates, suggesting a requiremen t for continued synthesis. 

Ultrastructural changes during �. fOKleri enflagellation 

generally paralleled those observed in N. g ruberi except 

that flagellum outgrowth in the former occurred on cells 

while still ameboid. An extensive complement of cell 

polypeptides continued to be synthesized at a reduced 

level during enflagellation; no limited number of species 

was made in exceptional abundance. A moder ate number of 

qualitative and quantitative changes were d e t e c ted in the 

amounts of individual polypeptides resolved by two-dimen

s ional electrophoresis when amebae enflagellated, some of 

which also occurred in a non-enflagellating �. fowleri 

strain and may therefore be related to st arvation . 

Quantitative, computer-assistea densitometric analyses of 

polypeptide auto radiograms revealed that larger and more 

acidic proteins were relatively more abundant in amebae 

than in flagellates and that a correlation existed between 

molecular size and charge of �. fowle!i polypeptides. 

Several observations ln both N. fowleri and N. 

gruberi enflagellation imp l i cate regulatory mechanisms ln 

addition to, or coordinated with, de novo protein syn

thesis. Enflagellation of Naegleria species provides a 

useful paradigm in which to study the contributions of 

various regulatory processes upon the expreSSlon of a 

differentiated state in an eukaryotic cell. 
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I NTRODUCT I ON 

The regu l a t o ry mechan i sms  and p r ograms by wh i ch 

eukary o t i c  cel ls accomp l i s h  the  c omplex changes invo l v e d  

i n  c e l l u l ar d i f feren t i a t i on hav e  b e en t he s ub j e c t s  o f  many 

s tudi es in  a number o f  "m odel s y s t ems . "  Each sys tem has  

u s u a l ly  been mos t ins t ruc t ive in one o r  a few s p e c ific 

a s p e c t s  of c e ll d i f fe r ent i a t i on wh i ch the a t t r ipu tes o f  

tha t  s y s tem made e s p e c i a l l y amenab l e  t o  s tu dy . A s y s t em 

whi c h  i s  being s t ud ied incr e a s ing ly a s  a mo d e l  o f  cell 

diffe rentiati on i s  th a t  of the ameb a to f l a g e l l ate c o nve r 

s ion b y  member s o f  the g enus Naeg ler i a  (3 6 ,45 , 48,145 ). 

This genus i s  char act e ri z e d  by uni c e l l u l ar o r g an i s ms wh i ch 

f e e d ,  grow and d i v i d e  as small ameb ae bu t which a r e  c ap

abl e , up on s uit able s t imul a t i on , of  changing into  a qui te 

d i s t in c t , t empor ary f l ag e l l a t e  s t age wh i ch swims a c t ive l y  

by m e ans of two ( o ccasi ona l ly mo re) ant e r i o r  f l age l l a, but  

wh i c h  does not fe e d  o r  rep r o duce (21,4 5 , 103) . 

The ameba t o  f lagellat e conversion , fi r s t  de s c r i b e d  

in 1899 by Schardinger (45,113), i� knOl'lTl. by a numbeT of 

d i f feren t names, the me r i t s  o f  wh i ch have b een p revious ly 

di s cussed (48). The ori g in a l  term given to the process by 

S chardinger, 'transformation' (Um g es ta l tung), h a s  gen e r al l y  

b een avoided t o  p r event confu s i on with the c hanges indu c ed 

in.c ultured ce l l s  by vir us o r  othe r tumo rigenic agen t s . 

The ameba t o  fl agel late conversion  is r e f err ed t o  in th i s  
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d i s s e r tat i on a s  'enflag e l l a t i on , ' a p roto z o o l o g i c al t e rm 

wh i c h  i s  de s c r i p t ive o f  the maj o r  new d i s t ingui sh in g  

s t ructu r e  formed, p r i o r  t r iv i a l  ob j e c tion s  n o t  wi ths tanding 

( 48) . Oc ca s i on a l l y , the  c onver sion wi l l  b e  re fe r r e d  t o  a s  

'd i ffe ren t i a t i on . '  Naeg l e r i a enfl ag e l l at i o n  c e r t a i n l y  

q u a l i fi e s  a s  s uch if d i f fe r ent i ati on i s  d e f ined  a s a 

p ro c e s s  " i n  wh i c h  a who l e c onste l l a t i on of  charac t e r istics 

c h ang e i n  a t emp o ra l l y  and s p at i al ly pro gramme d  s equ e n c e ,  

c ulm in a t ing ln a d i f fe r en t i a t e d  c e l l  t h a t  has  s p e c i f i c  

macromo l e cu l e s but  a l s o  has  a d i f fe r en t  morpho l o gy and 

b ehav i o r" (48) . 

Li t e ratur e Revi ew 

En f l ag e l l a t i on h a s  b e en br ought unde r  pre c i s e, i m 

p re s s ive contro l  i n  the  l ab o rato ry w i t h  t h e  ub i qu i t ous 

s o i l /wate r  ameb a ,  Na e g le r i a  grub e r i  (36 , 45 , 4 8 , 5 0 ) . Lar g e  

quan t i t i e s of ameb a e  c an b e  cul t ivat e d  and s t imu l a t e d , at 

t h e  exp e r imen t e r's des i r e , to convert almo s t quantitat iv e ly 

t o  f l ag e l l a t e s . Th e convers i on i s  cha rac t e r i z e d  by a 

s ynchronous, rapid «90 minutes) and reproducib l e  s eque n c e  

o f  eve n t s  (4 5 , 4 9 ,50 ) . The ab i l i t y  o f  e xpe r imente r s t o  

a ch i eve such cont r o l ,  a l though part l y  the result o f  r e 

fine d  meth odol og i e s  f o r  g r owth and f o r  s t i mu l a t i on o f  the 

c hang e  (SO) , i s  l a r g e ly the r e s ul t  o f  a numb e r of i mp o r

t an t  a t t r i b u t e s o f  the Na egle r i a  grub e r i  sys tem . Th e s e  

a tt ribu t e s  have be e n  thoroug h l y  d e s c r ib e d  (36 , 48 , 5 0 )  and 

i nc l u d e: a) lack of dependen c e  on  cel l cy c l e  or p opul a t i on 



3 

growth phase; b )  i nd iv i du a l  c e ll re s p ons e, independen t  o f  

p opu l a t i on density; and c )  un i fo rm r esp onse (popul a t i on 

h e t e r o g ene i ty l e s s  than 2 0  m inute s in many c a s e s ) t o  an 

e xp erimenter- c on tro l l e d  s i gnal  wh i ch d) p r e c i s e ly d e fine s  

t h e  s t arting po int for the  s equence o f  chang es l e ading t o  

t h e  f l age l l a t e  p h eno typ e . Th e c ombinati on o f  the s e  a t tr i 

butes and the  contro l wh i ch they p erm i t  for  thi s sys t e m  

h as r e s u l t e d  i n  the  promo tion o f  t h e  ameb a t o  fl age l l a t e  

c onvers i on o f  N. grub eri a s  a p a r t icul arly valuab l e  t o o l  

f or s tud i e s  on  a varie ty o f  a s pect s o f  c e l l  d i f fe r enti a

t i o n  ( 7 , 36,48,11 9,125 ) . 

Th e s e cond maj or s p e c i es o f  Na eg l e r i a, N .  fowl eri , i s  

a p a thogen i c  ameb a wh ich c aus e s  a f at a l  human d i s e ase, 

primary ameb i c  men i n g o enc eph a l i t i s ( 1 8 , 2 2,2 5,40,41,9 1 ,1 4 1 ) 

and  h a s  b e en e xten s ive ly  s tud i ed in that re s p e c t  ( 1 ,1 7 ,2 6, 

2 8 , 3 0 , 6 5,6 6,7 3,76,8 9,1 2 8 ) . N .  fowl eri c an b e  d i s t i ngu i s h e d  

from N. g ruber i b y  a numb e r  o f  chara c t eris t i cs  ( r e v i ew e d  

i n  4 8  and 6 7 )  i n c l u d i ng t emp e r a ture t o l eranc e ( 6 4 ) ,  cy s t  

morphology (102 , 1 1 6 ) , i mmuno chemic a l  charac t ers ( 4,3 1 ,1 3 0, 

1 42 ) ,  agglut in ation with c o nc anava l i n  A (7 9 ) , growth in 

various axenic media (29,136,137), ef fects on c e l l cultu r es 

( 2 7,8 9) and p a tho g en i c ity for  m i c e  (2 6 , 45,66 ) . Th e two 

s p e c i es are r e l a t e d  by  s h a red ant i g en s  ( 4,1 3 0,1 42 ) an d by 

t ho s e  prop erties o f  intranuc l e a r  ka ryokinesi s ,  general 

morph o l o g y , and abi l i ty to  en f l ag ella t e  wh i ch c l a s s i f i e s  

each a s  a memb e r  o f  the  genus Na egl e r i a  ( 21 , 45, 1 0 3 ) . 
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C o nditi ons for  i s o l a t i on and axen i c  l ab o r ato ry cul 

t iva t i on o f  Na eg l e r i a  f owl e r i  h ave  b e en deve l op e d  and 

o p t im i z e d  ( 6 7 , 6 8 , 7 7 , 7 8 , 9 5 , 1 3 6 ) .  I d e n t i f i c a tion o f  i s o l a t e s  

a s  Na e g l e ria f owl e r i  h a s  requ i r ed tha t  en f l ag e l l a t i on b e  

s e en , y e t  the me thods f o r  the s e  t e s t s  have b e en d e s c r ib �d 

p o o r ly , i f  at  a l l ,  in mo s t  ins t an c e s  and the appe aran c e  o f  

f l ag e l l at e s  t o  any extent  w a s  c ons i d e r e d  a p o s i t i v e  d i ag 

n o s i s  ( 1 5 , 1 7 , 1 9 , 2 1 , 2 2 , 4 0 , 4 1 , 1 0 1 , 1 0 3 ) . Mo s t  i nve s t i g at o r s  

h ave m e r e l y  s us p ended the o r g an i sms i n  wate r and p e r i o d i

c al l y examined t h e  s u s p en s i on for  app e arance o f  f l a g e l l a t e s . 

P r e c i s e  e xp e r imen t a l  c on t r o l  o f  the e n f l a g e l l ati on pr o c e s s 

i n  N .  fowl e r i  t o  an extent  s im i l ar to tha t  ach i eve d w i th 

N .  grub e r i  h as n o t  b e e n  p r ev i ous ly  r ep or t e d . I t  i s  n o t  

known , the r e fo r e , whe th e r  o r  n o t  N .  fowl e r i  demons t r a t e s 

the  s am e  attr i bu t e s  wh i ch p e rmi t  the l e v e l  o f  c on t r o l  

a ch i eve d w i th �. g rub e ri enf l ag e l l a t i on .  

Op t ima l cond i t io n s  f o r  enf l ag e l l a t i on o f  N .  g rub e r i  

f r om c u l tur es  g rown i n  as s o c i at i o n  w i t h  b a c t e r i a  ( 4 5 , 5 0 )  

and f r om axenic  cul ture s (47 )  h ave b e e n  deve l op e d . The 

s t imu l u s  for enf l ag e l l a t i on ,  �h i ch has  hi s t ori c a l ly b e en 

r emo va l o f  ameb a e  from g rowth env i ronment and s u spen s i o n  

i n  non - nutr i en t  s o l ut i on s , h a s  b e en i nv e s ti g ate d , c r i t i c a l  

f acto r s  d e t e rmin e d , and cond i t i ons optimi z e d . The e ff e c t s 

o f  i on s  ( 3 6 , 46 , 7 4 , 8 0 ) , o s mo t i c  p r e s s ur e  ( 3 6 , 4 6 , 1 45 ) , 

t emp e r a ture  ( 4 5 , 5 0 , 1 4 5 ) , a e r at i on (45 ) , a g itati on ( 4 5 , 5 0 ,  

145 ) , and u l trav i o l et l i g ht ( 1 45 )  on th e ini t i ati o n  an d 
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p r og r e s s  o f  en f l ag e l l a t i on have b e en de l ine a t e d . The 

d e v e l opment o f  a non - p a r t i cu l a t e  axen i c  m e d i um ( 4 7 ) l e d  t o  

t h e  d i s cove ry o f  a d i a ly z ab l e  f ac t o r  in  y e a s t  e x t r a c t  that 

i s  d e t e rminat ive for  enf l a g e l l a t i on . Th i s  c omp onen t o f  

t h e  g r owth m e d ium , individua l l y  remove d from the m e d i um ,  

p e rmi t s  enflag e l l at i on and indiv i dual l y  added  t o  non 

n u t r i ent sus p en s i o n s  o f  enf l ag e l l a ti ng c e l l s , p r e v en t s  

e n f l a g e l l a t i o n  (4 6 ) . Co n t r o l o f  N .  Brub e r i  en f l a g e l l a t i on 

b y  s yn e rg i s t i c  c omb inat i ons  o f  e l e c t r o lyt e s , t emp e r a t u r e , 

a g i t a t i on and the y e a s t  ex t r a c t  fac t o r  ha s b e en s hown 

( 3 6 , 4 6 )  and s tud i e s  u s ing var i ous o f  the s e a l t e rn a t e  

s t imu l i  h ave  s hown that en f l ag e l l a t i on e v en t s  c an b e  

s ep a r a t e d  f r om tho s e o f  nu t r i t i v e  s ta rv a t i on ( 4 8 ) . The 

r e s ul t s  of the s e  s tud i e s  hav e  b � en cons i i t e n t  w i t h  p r o 

p o s a l s  that  c e l l d i f f e r en t i a t i on cue s may t ake the  form o f  

r e l a t iv e l y  m ino r  a l t e rat i ons  in ex t r ac e l l u l a r  i on c o n c e n 

t r a t i ons ( 9 , 3 6 )  a nd t h a t  p hy s i o l og i c a l  de t e rminan t s  may 

p l ay c ruc i a l  r o l e s  in exp re s s i on o f  d i f fe r e n t i a te d  s t a t e s  

( 4 , 3 6 , 4 8 ,  4 9 , 1 0 7 ) . Cr i t i c a l  fac t o r s  f o r  e vo king e nf l a g e l 

l a t i on i n  � .  g rub e r i  inc lude " g r owth c ond i t i on s  in axen i c  

c u l t ur e s  ( 4 7 ) , e l e c t r o ly t e  concen t r a t ion s  « 8 0 �1 , 4 6 )  

incub a t i o n  temp e r ature  dur ing  d i f fe r en t i a t i on ( 5 0 ) , ag i ta

t i on ( 3 6,48 ), and  r emova l of  the  s p e c i fi c  factor  from the  

g rowth m e d ium . 

N. g rube r i  e n f l age l l at i o n  i s  e s p e c i a l ly amenab l e  t o  

s tud i e s  o f  the  t iming o f  even t s  dur in g  d i f f e r en t i a t i on 
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b e c aus e s ynchronou s  chan g e s  in the c e l l  p op u l a tion o c cur 

at repro duc ib l e  t im e s  from the exp erimen te r - c ontro l l e d  

s tart s i gna l ( 3 6 , 4 8 , 5 0 ) . Us ing an approach b a s e d  up on the  

ab i l i ty to eva luate quan t i t a t ive ly  chang e s  in  indiv i dual  

c e l l s  during en f l a g e l lati on and  then a s s i g n  times  t o  tho s e  

c h ang e s  by us ing m e a s ur e s  o f  c entral  t endency for t h e  

p opu l a t i on ,  a numb er o f  s p e c i f i c  events h a v e  b e en o r d e r e d  

s equenti a l ly during e n f l ag e l l a t i on (36 , 4 8 , 4 9 , 5 6 )  inc l u d i n g  

time s o f  s hap e chang e s , f l a g e l l a  app e aranc e ,  ins ens i tiv i ty 

to i nh ib i tors and synthe s i s o f  s p e c i f i c  mo l e cu l e s .  Th e 

m eth o d  o f  measurement o f  en f l a g e l l ati on ( 45 , 5 0 )  and the 

v a l i d i ty of  us ing time s b a s e d  on 5 0 % chang e i n  the p o p ul a 

tion  ( T5 0 ) a s  m e a s ure s o f  r e l a t ive  timing have re c e i v e d  

c ons i derab l e  ana ly s i s  (4 5 , 4 9 , 5 0 )  a n d  have b e en g iven 

c re d i b i l i ty by the rep r o duc i b i l i ty and the int ernal  and 

e xt e rn a l  cons i s tency of r e s u l ts one o b ta i n s  in �.  grub eri 

e xp erimen t s  run under a vari e ty of c ond i ti o n s  ( 3 6 ) . One 

o f  the maj or p o i n t s o f  the tempo ral s e q u en c e s  ob t a in e d  

w i th d i fferent N .  grub eri s t r ains,  d i f f e r e n t  growth c ondi 

t i o n s  and d i f f e r ent en f l ag e l l a ti on c on d i ti on s  i s  th a t  

r e l a tive p r opo r t i on a l i t i e s  b e tween time s for s p e c i f i c  

e ven t s  i s  main t a i ned  ( 3 6 , 5 6 ) . 

Th e h i gh de gre e o f  s ynchrony and re l a tive  comp l e te 

n e s s  of �. grub e r i  e n f l ag e l l ati on p ermi tted d e ta i l e d , 

e l e c tron m i c ro s c opic  s tudy o f  the prog re s s  o f  en f l a g e l l a 

t i o n  o n  the morpho l og i c a l  l eve l (37) . En f l a g e l l a t i n g N .  
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g rub e r i  undergo e s  maj or r e a r r ang emen t s  o f  c e l lu l ar o rg a 

n e l l e s  ( 1 1 4 ) , wh ich  a s s ume f ix e d  p o s i t i on s  i n  f l a g e l l a t e  

c e l l s. Th e ent i r e  f l ag e l l a r  appa r a tu s  i s  as s emb l e d  d e  

�ovo ( 3 7 ) , i nc luding  b a s al  b o d i e s  (5 1 ) ,  f l ag e l l a  and a 

r oo t l et f i b e r  wh i ch a s s o c i a t e s  wi th the  nuc l eus  and wh i c h  

m ay b e  i nvo lved i n  contra cti l e  p ro c e s s e s  e f fe c t i n g  f l ag e l l a  

m ovemen t ( 3 6 , 3 7 , 1 1 8 ) . N .  g rub e r i  c e l l s  p ro g r e s s through a 

r eprodu c ib l e  s e r i e s  o f  shape  chang e s , from ameb o i d  t o  

s ph e r i c a l  ce l l s  t o  e l o n g at e d , s t r e aml i n e d  c e l l s  w i t h  

s mo o th , f ixed  c o n t our s ( 49 ) . Th e s h ap e  chang e s  o c cu r  i n  

i n d i v i dual c e l l s  i n  a n o rmal d i s t r i b u t i on \vi th r e s p e c t  to  

t ime a s  r e ve a l ed by  p r o b ab i l i ty ana l y s i s  ( 5 0 ) and  h av e  

b e e n  u s e d  a s  a mod e l  on wh i ch t o  b a s e mathemati c a l  s imul a 

t i on app roache s t o  d i f fe r e n t i a t i o n  ( 1 0 8 ) . Unusua l ,  r ap i d  

s hap e chang es  c an b e  indu c e d  i n  f l a g e l l a t e s b y  ex t ernal 

a d d i t i on  of c e l l - p rodu c e d  fac t o r s  e x t r ac t e d  from f l a g e l 

l at e s  (49 ) . An ent i r e  s ys t em o f  i n t e rna l c o nt ro l s  r e g u 

l a t ing  c e l l s hap e has  b e en p ar t i al ly d e l in e a t e d a s  a 

r e s ult o f  s tud i e s  us ing  th i s  fac t o r  in  comb ina t i on w i t h  

v a ry i n g  c a t i o n i c  s o lu t i ons (46 , 49 ) . A hypo thes i s  fo r the  

r e g u l a t i o n  o f  c e l l shape  and  mo t i l i ty dur i n g  N .  grub e r i  

e n f l ag e l l a t i on h a s  b e e n  p o s tu l ate d ( 4 9) . 
En f 1 a g e l l a t i on o f  N. gruber i i s  p r even t e d  by inh i 

b i t o r s  o f  r i bonucl e ic a c i d  and p ro t e in syn the s i s ( 5 6 , 6 3 ,  

1 0 9 , 1 4 6 ) . Ad d i t i on o f  inh i b i t o r s  a t  approp r i a t e  c o n c e n 

tra t i on s  i nhib i t s  en f l ag e1 l a t i on i f  added  b e f o r e , b u t  n o t  
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a ft e r ,  s p e c i f i c  t im e s  ( t r ans i t i on p o ints ) dur ing enfl ag e l 

l a t i on , even though the exp e c t e d  synth e s e s  are  s t i l l  

i nh i b i t e d  a t  the l a t e r  t ime s (48 , 5 6 ) . Shap e chang e s  are  

i nhib i t ed at  d i f fe r en t  t ime s than  i s  the  app earanc e of  

f l a g e l l a  ( 5 6 ) . Org ane l l e a s s emb ly and requi s i t e  synthe s e s  

a re t empora l ly s ep arat e , thu s as s emb ly c an b e  s tudi e d  in 

the ab s ence  of c o n t inued s ynthe s i s  ( 3 6 , 4 6 , 5 6 , 1 3 3 ) . Per 

turb a t i on o f  N .  g rub eri e n f l a g e l l ation  b y  he at  sho ck has  

s hown that  the contro l o f  o r g ane l l e numb er and as s e mb ly 

c an a l s o  b e  a s s i gne d to a s p e c i f i c  t ime p e r i o d  dur i n g  

e n f l a g e l l at i o n  and i s  s en s i t ive to  t h e  e f fec t s  o f  RNA and 

p ro t e in s ynthe s i s  inh ib i t ors ( 3 5 , 1 3 3 ) .  F l a g e l l a r o u t e r  

d oub l e t  tubul in i s  d i fferent  from tha t p r e s en t  in  N .  

g rub eri ame b a e  and i s  s ynthe s i z e d  de  novo dur ing e n f l a g e l 

l at i on ( 5 2 - 5 4 , 8 3 , 8 4 )  a s  a r e  cen tral p a i r  tubu l i n , dyne i n , 

and the f l ag e l l ar r o o t l e t  p ro t e in ( 4 8 , 5 6 ) . A pro p o r t i on a l l y  

h igher amount o f  me s s en g e r - l i ke rib o nu c l e i c  a c i d  r a the r 

than o ther RNA t yp e s  i s  s ynthe s i z e d during enfl a g e l l a t i on 

( 7 0 , 7 5 , 1 3 2 , 1 3 4 ) . I n  p ar t i cu l ar , in  v i t r o  t r ans l a t ab l e  

mRNA f o r  f l ag e l l ar tubu l in c ann o t  b e  d e t e c t e d  i n  N .  

grube r i  ameb a e  b u t  ap p e a r s  in d i f f e r en t i ating c e l l s  at  

t im e s  c o r r e l ating t o  the app e arance  of  n ew f l a g e l l a r  

t ub u l in ( 8 6 )  and the app e a r ance  o f  thi s mRNA c an b e  p r e 

v en t e d  b y  a c t inomy c in D ( 5 5 ) . 

Eviden c e  i s  ac cumu l a t ing from s tudi e s  w ith s ev e r a l 

m o d e l d i ffe r en t i a t i on s y s t ems  tha t s equent ial phen o typ i c 
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c h ang e s  invo lve p r o c e s s e s i n  addi t i on to tran s c r ipti o n  an d 

trans l ation o f  new me s s en g e r  RNA to form n ew c e l l  p r ote i n s . 

C o o r d i nated chan g e s  in  pheno typ e may a l s o  involve mod i f i 

c ati on o f  e xi s t ing  s t ructu r a l  pro te ins  and e n zymes  ( 3 9 , 4 3 , 

1 1 0,1 3 9 ) ,  tran s lati on a l  contro l by modi f i c a t i on o f  rib o 

s om e s or am inoacy l - trans f e r  RNA s ynth et a s e s  ( 5 7 , 7 2 , 8 5 , 9 6 , 

1 1 1,1 2 0 ) ,  s e l e c t iv e  r emova l o f  p rote ins  n o  l ong er required  

(and  p erhap s de trimenta l )  f or the new p heno type ( 5 ,1 2 3,1 2 4 ) , 

and c o ordination o f  ra t e s  o f  p ro t e in d eg rada t i on w ith 

t ho s e  o f  s ynthe s i s (44 , 9 2 , 1 04, 1 0 5 , 1 2 1 ) . Dev e lopmenta l 

c h ang e s  i nvo lving l o s s  o f  p rote ins whi ch mus t occur rap i d l y  

o r  i n  s l ow - t o  non - g rowing c e l l s  are dep enden t up on e ither 

c omp a rtmen t a l i z a t i on ( 8 1 ) , s e creti on ( 1 2 4) or s ome f o rm o f  

d e g rada t i on ( 6 2 , 7 1 )  a s  oppo s ed t o  the d i l ution - by - d iv i s i o n  

c ap ab i l ity in  r ap i dly  growing m i c r o o r g an i s m s . S ing l e  

d e f i c i en c i e s  i n  a p rot e o lyti c en zyme c an r e s ul t  i n  arr e s t ed 

d i fferent i a t i on, a s  h a s  b e en demon stra t e d  by  the i s o l at i o n  

o f  s p o rulat ion mut ant s wh ich  l a ck a n  intracel l u l ar p r o 

t e a s e ( 2 3 )  and o f  t emp eratur e - s ens i t iv e  var i an t s  w i th a 

d emon s tra t ed l e sion i n  the s tructu r a l  g e n e  o f  an i ntr a c e l 

l u l a r  p r o t e a s e  ( 8 2 ) . 

C e l l  numb e r, to t a l  ribonu c l e i c a c i d  and t o t a l  c e l l  

p rote i n  remai n con s tant dur ing en fl agel l a t i o n  o f  N .  grub e r i  

( 5 6 ) ; t h e r e for e , the  d e  novo s ynthe s i s  o f  tubu l i n  and 

o t her r e q u i r e d  p r o t e ins  mus t uti l i z e i ntra c e l l u l ar p r ec ur

s or p ool s or be b a l an c e d  by deg radati on of  p r e � ex i s t i n g  
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p ro t e ins . Fu l t on (4 8 )  h a s  rep o r t ed tha t d i fferen t i a t i on 

c an o c cu r, unde r c e r t a in cond i t ions ,  wi thout  s t arving N .  

g rub e r i  and that  a g e n e r a l  incr e a s e i n  p r o t e in de g r ada t i on 

i s  n o t  o b s e rved und e r  tho s e  cond i t i ons . En f l ag e l l a t i on o f  

N . grub e r i  i n  no n - nu t r i en t  buffer, howeve r , i s  a c c omp an i e d  

b y  p r o t e in deg rada t i on measured a t  app roximate ly 6 %  o f  

t o t a l  p r o t e in p e r hou r  and enfl a g e l l a t i on c an b e  p r event e d  

b y  s e r ine  p ro t e a s e inh i b i t o r s  whi ch r educ e the r a t e  o f  

d e g ra d a t i on t o  1 %  p er hour ( 48 ) . Thymidine  k inas e a c t i v 

i ty h a s  b een s hown t o  d e c r e a s e dur in g N. g r ub e r i  d i f fe r 

e n t i a t i on and i t  h a s  b e en p o s tu l a t e d  that  the de c r e a s e i s  

due t o  a cyc l ohex imide - inh ib i t ab l e  act ivat i on o f  a d e g r a 

d a t i on me chani sm ( 1 1 ) . Th e d e c r e a s e in  thymid ine kinas e 

a c t iv i ty i s  due t o  l o s s  o f  en z yme and o cCur s  when c e l l s  

d i ffe r ent i a t e  i n  the  p r e s ence  o r  ab s ence  o f  nut r i e n t s  

( 2 4 ) . Th e l ev e l  o f  en zyme and a c t iv i ty i n c r e a s e s  wh en  

f l ag e l l a t e s  r e ve r t  t o  ameb ae  and r e s ume g r ow th in  nut r i en t  

m e d i um ( 2 4 ) . Se l e c t ive  p r o t e in d e g rada t i on a s  we l l  as  

p ro t e in s ynthe s i s  is  the r e fo r e  an  i n t e g r a l  part  of  Naeg l e r i a  

e n f l ag e l l a t i on . 

The enzyma t i c  me chan i sms and f e a t u r e s o f  p ro t e in 

s t ruc ture  wh i c h  infl uen c e  the  s e l e c t i v i ty o f  p ro t e i n 

d e g ra d a t i on are  s t i l l  l arg e ly unkn own, although c o r r e l a 

t i ons  h ave  b e en ob s e rved b e tween d e g rada t ive  r a t e s and 

s ubun i t mo l e c u l a r  s iz e  ( 3 3 , 6 0 ) , i s o e l e c t r i c  p o in t  ( 3 2 , 3 4 ,  

6 1 , 6 2 ) , hy dropho b i c i ty ( 1 0 )  and r a t e  o f  sp on t a n e o u s  
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d enatura t i on ( 1 2 , 7 1 ) . Some  of  the fac t o r s  wh i ch have  b e e n  

c o r r e l a t e d  w i th d e g rada t iv e  rate s may n o t  b e  indep e ndent  

v a r i ab l e s  of  the p o lypep t i d e s . Re l a t i ons h ip s  b e twe en  

s ubuni t s i z e  and i s o e l e c t r i c  p o in t s  of  p o lypep t i d e s  have 

b e en ob s e rved by  s ev e r a l  worke r s  us ing d i f fe r e n t  e ukaryo t i c 

m o de l s  ( 4 2 , 9 9 )  and the p o t ent i al inter r e l a t e dne s s  o f  

s i z e ,  charg e and turnover cha r a ct e r i s t i cs h a s  b e en r e c o g 

n i z e d  ( 4 2 ) . Fu r the rmo r e , t ho s e  p ro te ins  i n  eukary o t i c 

c e l l s  that deg rade mo s t  r ap i dly s e em t o  h ave  syn th e t i c  

r a t e s  that  chang e drama t i c a l l y , whe r e a s  the pro t e i n s lv i t h  

s l ow deg radat ive rat e s  app e ar t o  have r e l a t i v e ly cons t an t 

r a t e s  o f  synthe s i s  ( 6 2 , 9 2 , 1 0 4 ) . Ac c o rding ly , the s t e a dy 

s t a t e  l e ve l s  i n  euk aryo t i c  c e l l s  o f  p r o t e ins that  a r e  

s yn t h e s i z e d  o r  d e g raded rap i d l y  a r e  mo s t  r ap idly r e s po n 

s ive wh en new c ond i t i ons are  imp o s e d ( 1 4 , 1 0 4 ) . The en 

f l ag e l l a t i on o f � . fowl e r i  app e a r s  t o  b e  a us e fu l  mo d e l in  

whi ch to  s tudy r e l a t i on s h i p s  b e tween inh e r en t  p rop e r t i e s  

o f  p ro t e ins  and the i r  r e gu l a t i on dur ing a di f f e r e n t i at i on 

e ve n t . 

S t a t ement o f  t he Pr ob l em 

Th e r e s e a rc h  rep o r t e d  i n  th i s d i s s e r t a t i o n  h a s  en 

d e a vo re d t o  me e t  s ev e r a l  ob j e c t iv e s . One o b j e c t i v e  has 

b e en to  de t e rmine tho s e  fac t o rs whi ch a r e  c r i t i c a l  fo r 

e vo k i n g  ame b a e  o f  Na e g l e r i a  f ow l e r i  t o  conv e r t  t o  f l a 

g e l l a  t e d  c e l l s . Op t im i z e d  c ond i t i ons o f  g ro,vth and en 

f l ag e l l a t i on wh ich  r e s u l t in s ynchronous , n e a r  c o mp l e t e 
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c onve r s i on o f  ameb a e  i n t o  f l a g e l l at e s  in  a t emp o r a l ly 

r ep r o duc ib l e  mann e r  have b e en s ought . St andardi z a t i on o f  

o p t imum c ondi t i on s  for  o b t a i n ing repr oduc ib l e  enf l a g e l l a 

t i on i s  needed  for  p o s s i b l e  s tu d i e s  on r e g ul a t i on during  

e n f l ag e l l a t i on in add i t i on t o  p r ov id i n g  a mo r e  s y s t emat i c  

me tho d for  eva lua t ing  whe th e r  o r  n o t  c l i n i c a l  i s o l a t e s  ar e 

ameb o - f l ag e l l a te s . 

Me ans t o  a r r e s t  o r  a l t e r  the cour s e  o f  en f l ag e l l a t i on 

o f  N .  fowl e r i  a r e  ne e d e d  in o r d e r  t o  g a i n  ins i g h t  i n t o  

t ho s e p ro c e s s e s  r e qu i r e d  f o r  enf l ag e l l a t i on and t o  a s s i s t  

i n  d e l ineat ing s t ag e s  o f  the p ro ce s s . Inc o rp o r a t i on  dat a  

h av e  b e en u s e d  t o  de t e rmine  the  natu r e  o f  synthe s e s  o c 

c ur r ing dur ing e n f l ag e l l a t i on . Ul t r a s t ruc tural  s tudi e s , 

i n  conj unc t i on w i th the  b i o ch em i c a l  app r o ache s , a r e  r e 

qui r e d  i n  o rde r t o  e s t ab l i sh re f e r e n c e  p o in t s  dur i n g  

N .  f o w l e r i  e n f l ag e l l a t io n . 

Th e c o n t r ibut i o n  wh i ch re gu l a t i on o f  p r e - exi s t i n g  

p ro t e ins  make s t o  the d i ffe ren t i a t i o n  o f  Na eg l e r i a  h a s  

b e en s tud i e d  p r evi ous ly o n l y  wi th r e s p e c t  t o  t o t a l  c e l l 

p ro t e in (48 )  o r  a s ing l e  e n z yme ( 1 1 , 24) . A de s c r i p t i o n  o f  

r e gu l a t o ry chang e s  i n  the l e ve l s  o f  a s ub s t ant i a l  f r a c t i on 

o f  the  c e l l ' s  indiv i du a l  p o l yp ep t i de s p e c i e s  i s  n e e d e d  t o  

m ak e  a m o r e  a ccur at e a s s e s sment o f  th i s  c o n t r ibut i on t o  

Na e gl e r i a  e n f l a g e l l at i o n . I n f o rmat i on on phy s i c a l  p r o 

p e r t i e s  o f  the s e  indiv idu a l  p o l yp e p t i de s  i s  ne e d e d  t o  
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d e t e rmine i f  the i r  r e gul at i on i s  r e l a t e d  t o  any inh e r e n t  

q ua l i t i e s  o f  t h e  p O lypep t i d e s . 

Ra t i ona l e  

Th e e f fe c t s  o f  a var i e ty o f  g rowth and enf l a g e l l a t i on 

c ondi t i ons were  t e s t e d  w i t h  r e s p e c t  t o  enf l a ge l l a t i on o f  

Na e g l e r i a  f owl e r i .  Ax en i c  cond i t i ons , r a t h e r  than b a c t e r i a 

a s s o c i a ted  cul t iv a t i on ,  we r e  de s i red  f o r  c u l t ivat i on o f  

ameb a e  t o  b e  u s e d  in  en f l ag e l l a t i on exp e r imen t s  i n  o r d e r  

t o  e l iminate  t h e  c on t r ibut i ons  o f  t h e  b a c t e r i a l  s truc tur e s ,  

m a c r omo l e cul e s  and p r o du c t s  t o  ana ly s e s  o f  enflag e l l a t i on . 

Exp e r i ments  w i th Na e g l e r i a  g r ub e r i  w e r e  p e r formed t o  

v a l i da t e  that  s ev e r a l  var i ab l e s , p r e v i o u s l y  de s c r ib e d a s  

c r i t i c a l o r  non- cr i t i c a l  f o r  i t s  en f l ag e l l a t i on , had  th e 

s ame  e ff e c t s  und e r  our l ab o ra t o ry condi t i ons . D i f f e renc e s  

i n  t h e  r e s p ons e o f  N .  f ow l e r i  e n f l ag e l l a t i on t o  tho s e  

f a c t o r s  c ou l d  then b e  a t t r ib u t e d  t o  di f f e rences  i n  the  two 

s ys t ems r a the r than d i f fe r enc e s  due t o  l abo r a t o ry c ond i 

t i ons . By i dent i fying c r i t i c a l  fac t o r s  f o r  enf l ag e l l a t i on ,  

o p t im a l  c ond i t i ons for  enf l ag e l l at i on o f  s ome , b u t  no t 

a l l , s t r a ins  o f  N .  f owl e r i  w e r e  de t e rmine d and u t i l i z e d  

f o r  r e ma i n ing e x p eriments . An a l t e rn a t i v e  me tho d o f  

e n f l ag e l l a t i on i n i t i a t i o n , in  wh i ch ameb a e  on t h e  s u r f a c e  

o f  unag i ta t e d  t i s sue cul ture f l a s k s  we r e  w a s he d  f r e e  o f  

n u t r i e nt s  w i thout cent r i fug a t i on , wa s d eve l o p e d  an d us e d  

f o r  s ev e r a l  r e a s ons . Fi r s t ,  wa s h ing o f  the  ameb a e  by the  

r ap i d  c entr i fug at i on method (Me tho d C,  Re f .  4 5 , s e e  
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Ma t e r i a l s  a n d  Me t ho d s ) r e qu i r e s  a numb e r  o f  m an i pu l a t i on s  

o f  c e l l s  w h i ch e x t e n d s  the t i m e  b e t w e e n  r em o v a l  o f  ame b a e  

f r om t h e  i n cub a t o r  and the i r  s u s p en s i on a n d  a g i t a t i o n  in 

n o n - nu t r i en t  b u f fe r .  Th i s  t ime d e l ay is a f a c t o r  wh i c h 

s h o u l d  b e  k e p t  t o  a m i n i mum f o r op t i mulll c n f l ag e l l a t i on d f  

ameb a e  (4 5 , 5 0 ) . S e c ond , ameb a e  a r e  d ama g e d b y  in cub a t i o n  

a s  p e l l e t s (4 5 , 4 8 , 5 0 ) a n d  t h i s c o u l d  b e  a v o i de d  comp l e t e l y 

b y  t h e  u s e o f  the a l t e rnate p r o c e d u r e . Th i r d ,  th e u s e  o f  

t h e  n ew p ro to c o l  made i t  p o s s i b l e  t o  c a r r y  o u t  a l l o f  th e 

w a s h i n g  and s us p e n s i o n  s t ep s in th e o r i g i n a l  cu l t u r e  

v e s s e l s t m i n im i z ing t h e  numb e r  o f  p hy s i c a l  m an j.pu l a t i o n s  

o f  ameb a e  a n d  s imp l i fy i n g  hand l i n g  o f  r a d i o  l ab e l e d  c e l l s . 

The e ffects  o f  i nh i b i t o r s  o f  RNA o r  p r o t e i n s yn th e s i s  

o n  N. fow l e r i  e n fl a g e l ra ti on ' were t e-st etl: tfS pot en-t i- al 

m e an s  t o  a r re s t  d i f fe r e n t i a t i on and t h e  i n c o r p o r a t i o n  o f  

s e l e c t e d  r a d i o l ab e l e d  p r e c u r s o r s  w a s a s s a y e d  du r in g  e n -

f l a g e l l a t i o n .  

The f i nd i n g  that a numb e r  o f  s t r a i n s  o f N .  fow l e r i  

m a i n t a i n e d  i n  our l ab o r a t o ry wo u l d n o t e n f l a g e J l a t e  un de r 

c o n d i t i o n s  op t i m a l  fo r o th e r  s t r a i n s  (n o r  any o th e r  c o n d i -

t i o n s  t r i e d )  e n ab l e d  u s e o f  t h e s e  s t r a in s  a s  a i d s  t o  d i s -

t in g u i s h  b e tw e en e f f e c t s  r e s u l t i n g  f rom nut r i t i on a l  d e p r i -

v a t i on and t h o s e  mo r e  d i r e c t l y p e r t a i n i n g  t o  m o rpho g e n e s i s 

o f  N .  fowl e r i  0 E l e c t r on m i c r o s c o p i c s t u d j. c s  o f  the en -

f l ag e l l a t i on p r o c e s s  w e r e  th e r e f o r e  p e r f o r m e d  u s ing an 

e n f l a g e l l a t i ng s t r a in and a n o n - e n f l a g e l l a t j n g va r i an t . 



I S 

In order  t o  d e t e rmine  the extent  t o . wh i ch chang e s  in  

t he amoun t s  of  individual  N .  fowl e r i  p o lypep t i de s  o c cur 

during  en f l ag e l l a t i o n , advan t a g e  was  t ak e n  of  the deve l o p 

m en t  o f  two - dimen s i o n a l  e l e c t ropho r e t i c  me tho ds wh i ch 

p e rm i t  r e s o lut i on o f  hundreds  t o  thous and s o f  ind i v i du a l  

c e l l  p o lyp ep t i de s  from who l e  c e l l  p r ep ar a t i ons ( 9 7 , 9 9 , 1 0 0 ) . 

Two - d imens iona l  e l e c tropho re s i s  has  b e en u s e d  t o  s tudy 

i nd i v i dual  p o lyp e p t i d e  chan g e s  o ccur r ing dur ing d i f f e r e n 

t i a t i on and deve l o pment in a var i e ty o f  mode l s y s t ems 

( 2 , 3 , 3 8 , 6 9 , 9 8 , 1 2 6 ) . Add i t i onal ly , the s e  two - dimens i o n a l  

t e chn i qu e s , ut i l i z ing  i s oe l e c t r i c  f ocus ing i n  t h e  f i r s t 

d imens ion and s o di um do decyl  s u l fat e g e l  e l e c t r op ho r e s i s  

i n  the  s e c ond dimens i on ,  r e s o lve p o lyp ep t i de s  by i s o e l e c 

t r i c  ch arg e and s ub un i t  m o l e cu l a r  s i z e ; the  p o s i t i on o f  

r e s o lved p o lypep t i de s may the r e f o r e  b e  u s e d  t o  g a in i n fo r 

m a t i on o n  the r e l a t i on s h ip s  o f  s i z e  an d charge  p arame t e r s  

and the i r  p o tent i a l  c o r re l at i on t o  r eg u l a t o ry phenome n a . 

Pr o t e ins o f  enf l ag e l l a t ing  and non - e n f l a g e l l a t ing  

s t ra i n s  of  Na eg l e r i a  fowl e r i  ame b a e  w e r e  r a di o l ab e l e d  

d u r i n g  g r owth and who l e  c e l l  ext r ac t s  o f  the s e  ame b a e  

s e p a r a t e d  by two - d imen s i ona l  e l e c t r opho r e s i s . S i m i l ar ly , 

who l e  c e l l  e x t r a c t s  o f  f l ag e l l at e s  o r  o f  the  non - en f l a 

g e l l a t e d  ameb a e , de r i ve d when the s e g r owth - l ab e l e d  ameb ae 

we r e  s ub j e c t e d  t o  e n f l ag e l l a t i on condi t i ons , we r e  a l s o  

r e s o lved o n  two - d im e n s i o n a l  g e l s . A v i s u a l  comp ar i s on 

o f  aut o r a d i o g r arn s  o f  the s e  g e l s  p e rmi t t e d  ident i fi c a t i on 
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o f  d i f fe renc e s  i n  the p o lyp e p t ide  p a t t e rns o f  ameb a e  and 

f l a g e l l a t e s  and , by u s ing the non - enf l ag e l l a t i ng ameb a 

p at t e rns  in  a comp a r i s on s im i l a r  t o  that  o f  Trew e t  a l e 

( 1 2 6 ) , a l l owed t en t a t ive d i s cr iminat i on o f  tho s e  d i f fe r -

e n c e s r e l a t ed  t o  s t arvat i on e ffe c t s . A c omp a r i s on o f  p i e 

l ab e l e d  pho spho ry l a t e d  p r o t e ins  i n  ameb a e  and f l a g e l l at e s 

\�a s  a l s o  p e r fo rmed by two - dimen s i on a l  e l e c t ropho r e s i s . 

F i n a l ly , aut o r ad i o g r ams  o f  ame b a e  and f l a g e l l a t e  g e l 

r e s o lv e d  p o lypep t i de s  we r e  ana l y z e d  t o  charac t e r i z e  and 

c omp are  the p o l yp ep t i de s  wi th res p e c t  to mo l e cu l a r  s i z e , 

charg e ,  numb e r  o f  s p e c i e s  and r e l a t iv e  amount s .  Comp ut e r  

a s s i s t anc e i n  analy s e s  o f  comp l ex , chang ing po lyp e p t i de 

p a t t e rn s  s uch a s  tho s e  d e s c r ib ed h e r e i n  i s  a rap i d ly 

d eve l op ing t e chno l o gy ( l 3 , S 8 , S 9 � 8 8 )  and ha s  b e en u s e d  in 

t h e s e  anal y s e s  to s p e e d , o r g an i z e  and s imp l i fy the charac 

t e r i z at i ons o f  N .  fow l e r i  ameb a and f l ag e l l a te p o lyp ep 

t i de s . 
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MATER I ALS AND METHODS 

S t r a i n s  

Na e g l e r i a  fo ,'ll e r i  s t r a ins nN6 8 , Lov e l l , KUL , nN6 9 - l ,  

H B - 5 ,  nN6 9 - 2 ,  nN6 7 ,  0 3 5 9 , GJ , HB - 4 ,  NF 6 6 , an d NF 6 9  we r e  

o b t a i ne d  from Dr. Dav id T .  Jo hn in  who s e  l ab o ra t o ry they 

had b e e n  ma int a in e d  with b i - we ekly t r an s f e r s  in una g i t a t e d  

axen i c  cul tur e s  in  Ne l s on medium ( 9 5 , 1 3 6 , s e e  b e l ow )  w i t h  

2 %  (v/v)  c a l f  s e rum . Sour c e s  and r e f e r enc e s  f o r  t h e  

s t r a i n s  are  p r e s en t e d  in Tab l e  1 .  Nae gl e r i a  fowl e r i  h a s  

b e e n  i de nt i fi e d  a s  the  c aus at ive  agent  in  c a s e s  o f  p r imary 

ameb i c  meningo enc epha l i t i s  ( 1 5 , 1 8 , 2 2 , 2 6 ) , the r e fo r e  c e r 

t ai n  p re c au t i onary m e asure s w e r e  t aken e�en though c as e s  

a re r a r e  and n o  l ab o r a t o ry infec t i on has  e v e r  b e e n  r e 

p o r te d .  Ma s k s  w e r e  us e d  when hand l ing l ar g e numb e r s  o f  

ameb ae o r  when a e r o s o l s  w e r e  l ik e l y  t o  b e  g enera t e d  and 

a l l  us e d  b i o l o g i c a l  ma t e r i a l s  were de con t am i na t e d  and 

a u to c l aved . S t r a in nN6 8 , u s e d  in th e maj o r i ty o f  t he s e  

s tud i e s , was  f o rme r l y  d e s igna t e d  LEE ( 4 1 , 1 3 6 ) and h a s  b e en 

d ep o s i t e d  i n  th e  Am e r i c an Typ e  Cu l ture  Co l l e c t i on a s  AT C C -

3 0 8 9 4 .  

Th e s t ra in o f  Na e g l e r i a  g rub e r i  u s e d  i n  t h e s e  s tud i e s 

was  NE G - M ,  a l s o  ob t a ined  from Dr . John , and by h i m  from 

Dr . Ch and l e r  Fu l t on (Br ande i s  Un i ve r s i ty , Wa l tham , MA) . 
S t r a i n  NEG- M w a s  cho s en f o r  i t s  abi l i ty t o  g row o n  an 

a xe n i c  me d i um ,  M7  ( 4 7 ) , wh i ch is l e s s  c omp l ex than th e 



Tab l e  1 

S t r a in s  o f  Nae g 1 e r i a  fow1 e r i  Us e d , Hi s t o r i e s  and Re f e r e nc e s  

Lo c a t i on and Dat e 
S t r a i n I s o l a t o r  o f  I s o l a t i on Re f e r e n c e  

nN 6 8 ( f o rme r l y  Le e ,  
d e p o s i t e d  a s  A T C C -
3 0 8 9 4 )  E . C .  Ne l s on Vi r g i n i a ,  1 9 6 8  ( 4 1 ) 

Lo ve l l  S . L .  Ch ang F l o r i d a , 1 9 7 4  ( 2 9 ) 

K U L  E .  v a n  de r Dr i e s s ch e  B e l g i um ,  1 9 7 3  ( 1 2 8 ) 
I-' 

nN6 9 - 1  ( f o rme r ly TY ) E . C .  Ne l s on Vi r g in i a , 1 9 6 9 ( 4 1 ) -....:] 
llJ 

H B - 5 G . S .  Vi s v e s va r a  Tex a s , 1 9 7 7  None  

nN 6 9 - 2  ( f o rme r ly WM) E . C .  Ne l s on Vi r g in i a ,  1 9 6 9  ( 4 1 ) 

nN6 7 ( f o rme r ly CJ ) E . C .  Ne l s on Vi r g i n i a ,  1 9 6 7  ( 4 1 ) 

0 3 5 9  J . B .  J a d i n  B e l g i um , 1 9 7 0  ( 7 3 ) 

G J  C .  B a r o  F l o r i da , 1 9 7 2  ( 1 4 0 )  

H B - 4 R . B .  F i n l e y  No r th Caro l i n a , 1 9 7 7  None 

N F6 6 R . F .  Ca r t e r  Aus t r a l i a , 1 9 6 6  ( 1 7 ) 

N F6 9 M .  Fowl e r  Aus t r a l i a ,  1 9 6 9  ( 1 7 ) 
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B a l amuth medium g en e r a l ly u s e d  fo r axen i c  maint enan c e  and 

c u l t ivat ion of  � . g rub e r i  in  the l abo ra t o ry ( 1 3 7 ) . S t r a i n  

N EG - M  i s  a var i ant  o f  s t r a i n  N E G  wh i ch i s  c apab l e o f  g r ow t h  

i n  M 7  medium . St r ain  NEG was  c l ona l ly d e r ived from an 

e nv i r onment a l  i s o l a te , E G , o b t a ined  by F . L .  Schus t e r  

( 4 5 , 1 1 5 ) . Cl ona l s t r a in s  o f  Na eg l e r i a  g rub e r i  NEG and 

N E G - M  we re dep o s i t e d  by Fu l t on in  the Ame r i c an Typ e  Cul 

t ur e  C o l l e c t i o n  a s  3 0 2 2 3  and 3 0 2 2 4 , r e s p e c t ive l y . 

Me d i a  

Ame b ae o f  Na e g l e r i a  f owl e r i  w e r e  ma in t a in e d  and cul 

t i v a t e d  axeni c a l ly  in Ne l s on me dium ( 6 8 , 9 5 , 1 3 6 )  wh i c h  c o n 

t a in e d  2 %  (v/ v )  c a l f  s e rum ( G i b c o , G r and I s l and , NY ) , 0 . 1 % 

(w/v)  g luc o s e , 0 . 1 % w/v  l i ve r d i g e s t ( P anmede , Har r i s o ns  

and  Cr o s fi e l d , Br onxv i l l e , NY ) i n  ame b a  s a l i ne . Rou t in e ly , 

ameb a s a l in e  ( 1 0 1 )  c ont a i n ing 1 2 0  mg Na C 1 , 1 4 2 mg Na 2HP04 , 

1 3 6 mg KH2 P 04 , 4 mg Mg S04 - 7H2 0 and 4 mg Ca C 1 2 - 2 H2 0 p e r  

l i t e r  o f  de ion i z e d  wa t e r  wa s p r e p a r e d  and s to r e d  i n  l a r g e  

quan t i t i e s  f o r  g en e r a l  us e .  On e l i t e r  b a tche s o f  Ne l s on 

me d i um ( g l uco s e  and l iver  d i g e s t  in  ame b a s a l i n e ) w e r e  

p r e p ar e d  wi thout t h e  s e rum c omp onent , d i s t r ibut e d  i n  1 0 0  

m l  a l i quo t s  t o  c l ean s e rum bo t t l e s  and aut o c l av e d . The 

m e d i a  were  c o o l e d , a l l owed to equi l ib r at e  fo r at l e a s t  two 

days b e fo r e  u s e ( 1 36)  and s t o re d  a t  r o om temp e r at u r e . 

St e r i l e  c a l f s e rum , a s  sup p l i e d ( G i b c o , Grand I s l an d , NY ) , 

w a s  d i s t r ib u t e d  into  2 . 5 ml  p o r t ions  and s t o r e d  f r o z e n 

a t  - 2 0 ° C .  One tube o f  s e rum \Va s  thaw e d  p e r  1 0 0  m l  b o t t l e  
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o f  medium r equ i r e d  for  e ach exp e r iment and 2 . 0  ml o f  s e rum 

a dde d p e r  b o t t l e  o f  medium b e fo r e  d i s t r ib u t i on t o  cul t u r e  

v e s s e l s . Th e final  p H  o f  the  med ium was app roxima t e ly 

6 . 5 , p revi ous ly  d e t e rm in e d  t o  b e  the op t imum p H  for unag i 

t a t e d  c u l ture  i ni t i a t i on o f  N .  fow l e r i  ( 1 3 6 ) . Whe n  ameb a e  

w e r e  t o  b e  radio l ab e l e d w i th [
3 2 P ] - inorgan i c  pho sphate , 

they  w e r e  g r own in  Ne l s on medium made in  ameba s a l i n e  in 

wh i ch 2 mM M O P S  b u f fe r  (mo rpho l inop r o p alle s u l fon i c  a c i d , 

Ca l b i o ch em ,  La Jo l l a ,  CA) r e p l ac e d  the pho s p ha t e  s a l t s . 

Tw o maj o r  typ e s  o f  me d i a  we r e  us ed  f o r  ma i n t enance  

a nd cul t ivat i on of  Na egl e r i a  g rub e r i  ameb a e . Ba l amuth 

m e d i um ( 6 ) c ons i s t e d  of  0 . 5 %  (w/v)  g luco s e , 0 . 5 %  (w/ v )  

y e as t  extract  (Di f c o , De t ro i t , MI ) ,  1 . 0 % (w/ v)  l i ve r 

d i g e s t  ( Panmede , s e e  ab ov e ) and 1 . 0 %  (w/ v )  p ro t e o s e  p e p 

t one  ( D i f c o )  i n  ameb a s a l ine  ( 1 0 1 ) . One l i t e r  o f  me d i um 

w a s  rout ine ly made , pH  a dj us t e d  t o  6 . 5 5 ,  d i s t r i b u t e d  t o  

1 0 0  ml s e rum b o t t l e s  and auto c l ave d . The medium was 

c o o l e d ,  a l l owed t o  e qui l ib r a t e  at  l e a s t  two days ( 1 3 7 )  at  

r o om t emp e rature and s t o re d  a t  room t emp e r a ture . Cu l t iv a -

t i o n  o f  N .  g rub e r� s t ra ins in  Ba l amut h  me d ium r e qu i r e d  

a dd i t i on o f  h emin t o  a c oncen t r a t i on o f  1 . 0  � g /ml  ( 8 ) . 

Hemin  w a s  made in a s t ock  s o l u t i on o f  1 . 0  m g /ml i n  1 . 0  N 

Na OH , f i l t e r  s t e r i l i z ed (Mi l l i p o r e  HA , p o r e  s i z e  0 . 4 5 �m , 

Mi l l i p o r e  Co rpor a t ion , B e d fo r d , MA) and s t o r ed a t  4 ° C . 

Hemin w a s  add e d  a s ep t i c a l l y  t o  the  c o r r e c t  conc en t r a t i on 

a t  t he t ime o f  c u l ture inocul a t i on . The f inal  pH o f  
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B a l amuth med ium a f t e r  au t o c l av ing  w a s  6 . 5 ,  p r e v i ous ly 

de t e rmined ( 1 3 7 ) t o  be the o p t imum pH for g r owth i n i t i a 

t i on o f  N .  g rub e r i  c u l ture s . 

M7 medium H a s  u s e d  fo r cul t ivat i on o f  N .  grub e r i  NEG 

M and  cont a i ne d  0 . 5 %  (w / v )  y e a s t  e x t r a c t  (Di fco Lab s , 

D e t r o i t , M I ) ,  0 . 0 3  M g lu co s e , 0 . 3 mM L - me th i on i ne and 7 roM 

�H2 P 04 / Na 2 HP04 bu f fer ( 4 7 ) . Fu l ton ' s  o r i g ina l fo rmu l a t i on 

c on t a i n e d  1 0 %  (v /v ) h i gh mo l e cul ar we i gh t  c omponent  o f  

f e t a l  c a l f  s e rum a s  prepared  b y  d i a ly s i s  and 3 5 , 0 0 0  x g 

c l ar i f i c a t i on (4 7 ) . Th e comp onent  \va s  rep l a ced in  the s e  

s tudi e s  by c omme rc i a l  d i a l y z ed c a l f s e rum ( G i b c o , Gr and 

I s l and , NY ) . Ro u t ine  p r ep arat i o n  o f  M 7  me d i um Hi tho u t  the  

s e rum c omp onent was  p e r formed  a s  previ ous ly  de s c r ib e d 

( 4 7 ) . Bo t t l e s  o f  s t e r i l e  M 7  medium w i tho ut  s e rum we r e  

s t o r e d  a t  4 ° C .  Di a l y z e d  c a l f s e rum ( G i b c o ) , as  s upp l i e d , 

w a s  d i s t r i bu t e d  a s ep t i c a l ly in  8 m l  amoun t s  into  s t e r i l e  

l 5 . m l t e s t  tub e s  and fro z en a t  - 2 0 ° C .  Th e s e  tub e s  we r e  

t h aHed  a s  n e e d e d  p r i o r  t o  us e i n  cul ture  p r eparat i on . 

On e s e t o f  exp e r imen t s  ( F i g . 1 0 )  r e qui r e d  th e u s e o f  

a hyb r i d  medium c o n s i s t in g  o f  e qua l p ar t s  o f  B a l amuth  

m e d i um (w i thout h e m i n ) and Ne l s on me d i um (p r i o r  t o  add i 

t i on o f  s e rum)  t o  wh i ch Ha s added  hemin ( t o  1 p g /m l ) and 

c a l f  s e rum t o  2 % (v / v )  p r i o r  to inocul a t i on . Thi s  me d i um , 

t e rmed  ( 1 : 1  Ne l s on / Ba l amu t h ) , wa s  us e d  t o  grow N .  grub e r i  

a n d  N .  fowl e r i . 
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Cu l t iva t i on 

Na eg l e r i a  f owl e r i  s t r a i n s  we r e  ma int a i n e d  a t  3 0 ° C  in 

unag i t at e d  s t o ck cu l tur e s  i n  Ne l s on med i um w i th 2 %  c a l f 

s e r um a s  p r evi ous ly  d e s c r ib e d  ( 7 7 , 1 3 6 ) . Naeg l e r i a  grub e r i  

s t r a i n s  w e r e  main t a in e d  a t  2 5 ° C i n  unag i t a t e d  s t o ck cul 

t ure s in  2 5  cm2 t i s su e  cul ture  f l a s k s  (F a l c on P l a s t i c s , 

Oxnard , CA) w i th 1 0  m l  Ba l amut h  med ium c o n t a in ing hemin . 

S t o c k  cul tu r e s  o f  N .  grub e r i  NEG - M  we r e  a l s o  ma i n t a i n e d  

i n  unag i t ated  s t o c k  cul ture s a t  3 2 ° C in  2 5  cm
2 

t i s s u e  cul -

t ur e  f l as ks i n  1 0  m l  M7 me dium w i t h  8 %  d i al y z e d  c a l f s er um .  

Am e b a e  o f  N .  fow l e r i  and N .  grub e r i  were grown axen i 

c a l l y i n  ag i t a t e d  and unag i t a t e d  cul ture s for  e xp e r iment s .  

Ag i t a t e d  cul tur e s  we r e  g r own in  s i l i coni z e d  5 0  m l  Er l e n 

m ey e r  cul ture f l a s k s  w i t h  s c r ew - cap c l o s u r e s  c on t a i n ing 

1 0  ml o f  the  app r op r i a t e  medium . Ameb a e  were inocu l a t e d  

a t  2 x 1 0
4 

am eb ae/ml  in t o  p r e - warme d med i um and t h e  cul 

t ur e  f l as ks w e r e  ag i t a t e d  on a gyro t o ry incub a t o r  s h ak e r  

( Ne w  Brunswi ck  Sc i en t i f i c  Comp any , New Brunswi c k , NJ ) 

o p e rat ing a t  1 3 0  rpm and 3 2 ° C .  The l ar g e  maj o r i ty o f  

e xp e r iment s w e r e  p e r f o rmed us ing ameb ae  g r own i n  una g i -

t a t e d  cul tur e s  on  the  surface  o f  t i s s u e  c u l tur e f l a s k s . 

4 Ame b a e  o f  � .  g rub e r i  w e r e  i n o cu l a t e d  at  2 x 1 0  ameb a e/ml  

in 5 m l  ( Fi g s . 1 0  and  1 1 , Tab l e  6 )  o r  1 0  m l  me d i um i n  2 5  

c m
2 t i s s ue cu l tu r e  f l a s k s ( F a l co n  3 0 1 2 , Oxnard , CA)  and 

w e r e  i ncub a t e d  w ithout  ag i t a t i on at  3 2 ° C o r  2 5 ° C  a s  ind i -

c a t e d .  Am eb ae  o f  N .  fowl e r i  s t r a i n s  we r e  inocul a t e d  at 
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1 0 5 ameb ae/ cul ture  in  2 5  cm2 t i s sue  cul t u r e  fl a s k s  ( F a l c o n  

3 0 1 2 )  c on t a ining  5 m l  Ne l s on me d i um and w e r e  incub a t e d  

w i thout a g i t a t i on at  3 7 ° C ,  un l e s s  n o t e d  o th e rwi s e . I n  

s eve r a l  exp e r imen t s  ( Tab l e  9 ,  F i g s . 4 0 t o  5 1 , Tab l e  1 1 , 

F i g . 5 4 ) , l a rg er numb e rs o f  N .  fowl e r i  ameb ae  we r e g rown 

2 i n  75 e rn  t i s s u e  cu l ture  f l a s ks ( F a l con 3 0 2 4 ) c o n t a i n ing 

1 0  m l  Ne l s on med ium , inocu l a t e d  a t  3 x 1 0 5  ameb a e / f l a s k  

a n d  in cub a t e d  at  3 7 ° C w i thout a g i t at i o n . 

C e l l  Coun t in& 

C e l l  c oun t s  w e r e  p e r f orme d  w i t h  an e l e c t roni c p ar -

t i c l e  c ount er  ( Cou l t e r  Coun t e r ,  Mo de l ZB , Cou l t e r  E l e c -

t r oni c s , Hi a l e ah ,  FL) a s  p r evious l y  de s c r ib e d  ( 1 3 5 , 1 3 6 ) . 

P r i o r  t o  count ing , Co u l t e r  cuve t t e s  cont a i n i ng t h e  s amp l e s  

d i l u t e d  i n  f o rmal i n - e l e c t r o l y t e  count i ng s o luti on w e r e  

i nve r t e d  s everal  t im e s  t o  susp end s e t t l e d c e l l s  and we r e  

r e a d  a f t e r  t h e  bubb l e s  d i s p e r s e d .  Thr e e  s uc c e s s i v e  c oun t s  

w e r e  t aken  f o r  e ach cuve t t e . F o r  c ount s o f  1 0
4 

o r  h i ghe r , 

a c o inc i den c e  c o r r e c t i on chart  was  cons ul t e d for t h e  

a dj u s t e d  t rue coun t . Th i s  c o r re c t e d  for  a g g re g a t e s o f  

c e l l s  and c o i nc i d e n t  p a s s ag e  o f  c e l l s  thr ough the ap e r -

t ur e . Oc cas ional l y , c e l l co un t s  w e r e  p e r forme d o n  v e ry 

c on c e n t r a t e d  s us p en s i o n s  o r  on sma l l  vo l ume s such t h a t  0 . 2 

m l  s amp l e s  w e r e  t o o  l a r g e . In  tho s e c a s e s , 2 0  p I  o f  

s u s p e n s i on was added t o  1 8 0  � l  o f  e l e c t r o l y t e  s o lu t i on and 

t hen 9 . 8 0 ml o f  e l e c t ro ly t e  s o l u t i o n  add e d  to make the  

f in a l  d i l ut i on I O - fo l d h igher than n o rma l ly us e d . Coun t s  
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f rom the  Coul t e r  coun t e r  we r e  then mu l t ip l i e d by a fac t o r  

o f  1 , 0 0 0  t o  g ive  ame b a e /mI . 

En f l ag e l l a t i on 

Th e en f l ag e l l a t i on o f  ameb a e  g rowing in ag i t a t e d  cul 

t ure s w a s  evo ked  by  the r ap i d c e nt r i fug at i on/ s u s p en s i on 

met h o d  d e s c r ib ed p revi ou s ly  (Me tho d C ,  4 5) . Ameb a e  g r owing 

i n  a g i t a t e d  cu l tu r e s  we r e  t r ans f e r r e d  t o  s t e r i l e  5 0  ml 

p o lypropy l ene  s cr ew - c ap p e d  cent r i fug e tub e s  and r ap i d ly 

s e d imen t e d  by c en t r i fug at i o n  for  4 5  s e c onds in a c l i n i c a l  

c en t r i fug e (Mo d e l  C L , In t e rna t i on a l  Equ ipmen t C omp any , 

Ne e dh am He ight s , MA) a t  the h i g he s t  s e t t ing ( � 3 , 1 0 0  rpm , 

� 1 , 5 0 0  x g ) . Th e r o t o r  was  b r ought qui ckly  t o  a s t op , 

t he g r owth med ium de c an t e d  and the ameb a e  qu i ck ly s u s 

p ended i n  1 0  m l  T K  b u f f e r  ( 2  mM Tr i s  HCl , 1 0  mM KCl  p H  

7 . 2 ,  4 7 )  a t  2 5 ° C .  Th e ameb a e  w e r e  c en t r i fug e d  a g a i n , 

s us p ended i n  a s e cond 1 0  m l  o f  TK b u f f e r  and s e d i m en t e d  

o n c e  more . Th e p e l l e t s  from the l a s t  was h  we r e  s us p ended  

in  6 m l  TK  b u f f e r , t r an s f e r r e d  t o  s t e r i l e , s i l i c o n i z ed 5 0  

m l  Er l enmey er  cu l tu r e  f l a s ks and ag i t at e d  a t  1 2 0  rpm on a 

w a t e r  b a th shake r (Mo de l  G 7 6 ,  New Brun s w i ck Sc i en t i f i c , 

Ne w Brunswi ck , NJ )  a t  2 5 ° C .  Al l s t ep s we r e  comp l e t e d  

w i th i n  8 t o  1 0  m inu t e s  from the  t ime  a t  wh i ch t h e  ameb a e  

w e r e  f i r s t  susp en d e d  in  non - nu t r i e n t  b u f fe r . I n  a l l  

e xp e r im en t s  r e p o r t e d  ln th i s  d i s s e r t a t i on , t ime s dur ing 

e n f l a g e l l a t i o n  were me a s u r e d  from the  t im e  at  wh i ch c e l l s  

w e re f i r s t exp o s e d  t o  non - nu t r i en t  s o lut i ons , d e s i gn a t e d  
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t ime z e r o  ( t o ) .  I n  one exp e r iment ( F i g . 5 ) , ameb a e  o f  an 

unag i t a t e d  cul ture  of N .  g rub e r i  we r e  sus p end e d  i n  the 

o v e r l y ing medium ,  then t r an s f e r r e d  t o  a c e n t r i fug e tub e , 

w a s h e d , and ag i t at e d  in TK b u f fe r a s  de s c r ib e d  ab ove . 

I n  the r ema inde r o f  the exp e r iment s , en flag e l l a t i on 

o f  ame b a e  g r own in unag i t a t e d  cul tur e s  was evoked ro u t i n e l y  

b y  a p ro cedure d e s i gne d t o  e l imin a t e  t h e  c en t r i fug a t i on 

s t e p s  and t o  s p e e d  and s imp l i fy the i n i t i a t ion  o f  e n f l a g e l 

l at i on ( s e e  Ra t i on a l e ) .  I n  the  new p r o c edur e , de t a i l e d  i n  

s ch eme 1 ,  g row t h med ium and s u s p ended c e l l s  w e r e  de c an t e d  

f r om am eb ae  g rowing on t h e  surfac � o f  una g i t a t e d  t i s s u e  

c u l tur e f l as k s . A t  t ime  z e r o  o f  enf l ag e l l a t i on ,  t h e  ameb ae 

w e r e  washed  tw i c e  w i t h  5 ml non - nu t r i e n t  buffer p r e - warmed 

t o  t h e  d e s i r ed  t emp e r a tu re and f ina l l y  sus p en ded  i n  th e  

d e s i r e d  vo lume o f  non - nu t r i en t  buf fer  by v i go rous a g i t a -

t i on o f  the cu l tur e  f l a s k s . The ameb a e  w e r e  kept  i n  sus 

p en s ion  by ag i t a t i on o f  the  s u s p en s i on ( 6  m l ) in 2 5  cm
Z 

t i s s u e  cul tu r e  f l a s k s  (F a l con 3 0 1 2 ) t u rne d up r i ght and 

f a s t ened  by c l amp s onto the pl a t fo rm o f  a wa t e r  b a t h  

s hake r (Mo d e l  G 7 6 ,  Ne w Brunswick  Sc i en t i fi c , New Brun swi c k , 

NJ ) , wh i ch w a s  o p e r a t e d  a t  1 8 0  rpm and the de s i r e d t emp e r a-

1 , rh b . 2 5  2 .  I t u r e . � en arne a e  w e r e  g r own ln cm t l s s u e  cu t u r e  

f l a s k s  ( Fa l con 3 0 1 2 ) ,  s u s p en s i on s  o f  ameb a e  in bu f f e r  

c ou l d  b e  a g i t a t e d  i n  the o r i g inal cul ture v e s s e l . When 

ameb a e w e r e  g r own in  7 5  cm2 t i s sue  cu l tu r e  f l a s k s , r i ns e 

v o lume s w e r e  i nc r e a s ed p r op o r t i on a l  t o  s ur f ac e a r e a  and 
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Scheme I 

2 
Ameb a e  g r ow ing in unag i t a t e d  2 5  cm t i s s ue 
cul ture f l a s k . 

Me d i um and s u s p end e d  c e l l s  d e c ant e d  ( in t o  
d e c o n t amina t i on f l u i d ) . 

5 ml o f  non - nu t r i en t  bu ffer  ( ameb a s a l in e , 
M7 buf fe r , T K  b uffer , e t c . ) ,  p r e - warme d 
t o  d e s i r e d  enf l ag e l l a t i o n  temp e r a ture , 
a dded a l ong t o p  o f  f l as k  (away from ad
h e r ent c e l l s ) , then rocke d g en t l y  ove r 
t he c e l l s  a t  t ime z e ro . 

F i r s t  r i ns e d e c ant e d , rep e a t  w i t h  a 
s e cond 5 ml  a l iquo t ,  d e c ant . 

Su s p ended  a t t ached ameb a e  in a f r e s h  
v o lume o f  non - nu t r ient buffe r by  v i g o rous  
a g i t a t i on .  

Ameb a e  k e p t  i n  s u s p en s i on by ag i t a t i on 
i n  t i s sue  cu l tu r e  f l a s ks ( F a l con  3 0 1 2 ) 
f a s t en e d  i n t o  c l amp s on wa t e r  b a th s h ak e r  
p l a t form op e r a t e d  a t  en f l ag e l l a t i on t em 
p e ra tu r e  d e s i r e d . 
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t h e  f inal  s us p en s i ons o f  c e l l s  we r e  t r ans f e r r e d  t o  the  

s ame type of  2 5 cm
2 

t i s s u e  cu l ture  f l a s k  ( F a l c on 3 0 1 2 )  

s o  t h a t  the  s ame r e l a t i on s h i p  o f  s us p en s io n  vo l ume , ag i -

t a t i on and a e r a t i on was  main t a i n e d  i n  a l l  exp e r iment s .  

Wh en  l a rge  numb e r s  o f  amebae  were  r equi r e d , the  w a s h e d  

ameb a e  from a numb e r  o f  f l a s k s  ( e i ther  2 5  cm
2 

o r  7 5  cm2 ) 

w e r e  s u s p ended i n  a s ing l e  sma l l  vo lume o f  s o lu t i on  t o  

g ive a c oncen t r a t e d  c e l l susp en s i on wh i ch could  t h e n  b e  

d i l u t e d  a s  approp r i at e  i n t o  var i ous  t e s t  v e s s e l s  t o  g ive  

t he d e s i r ed conc en t r a t i ons of  ameb a e  and any o th e r  t e s t 

s ub s t ance i n  6 m l  o f  non - nu t r i en t  buffer . 

Sev e r a l  n on - nu t r i en t  bu f f e r s  w e r e  u s e d  fo r en fl a g e l -

l a t i o n  o f  N .  g rub e r i  o r  N .  fowl e r i . N .  g rub e r i  NEG - M  was  

g en e r a l ly  en f l ag e l l at e d  in M7 buf f e r  ( 7  mM pho s p h a t e ,  pH 

6 . 8 , e quiva l e n t  to M7 med ium w i thout nu t r i ent  s ou r ce s ) , 

b u t  T K  buffer  ( s e e  ab ove ) , ameb a s a l ine  ( s e e  above ) , 

d e i on i z e d  wa t e r  and s ev e r a l  var i a t i ons  o f  M 7  med i um (Tab l e  

6 )  w e r e  u s e d  i n  s ome exp e r imen t s . 

Am e b ae o f  Na e g l e r i a  f owl e r i  w e r e  g e n e r a l ly e n f l a -

g e l l a t e d  i n  Pa g e  ameb a s a l in e , al though e xp e r imen t s  we r e  

d on e  i n  wh i ch t h e  am e b a e  we r e  s us p en d e d  i n  T K  b u f f e r , 

d e i on i z e d wa t e r  o r  v ar i a t i ons o f  Ne l s on me d ium ( T ab l e  6 ) . 

I n  one  s e t o f  exp e r imen t s  (Tab l e  7 ) , en f l a g e l l a t i on was 

p e r fo rm e d  in v ar i a t i ons  of Pag e  ameba  s a l ine  l a ck ing 

v ar i ou s  c a t i on s  ( s e e  f o l l owing p ag e ) . Ame b a e  to  be  l a 

b e l e d  w i th [ 3 2
PJ - in o r g an i c  pho spha t e  were en f l a g e l l a t e d i n  
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Pag e Am eb a  Sa l i ne 

F i n a l  
St o ck Re c ip e  m 1  o f  St o ck Con c e n t ra t i on 

St o ck (g / 1 0 0  m 1  1 0 0  m1 Pa g e  i n  Ameb a 
S o l u t i o n  De i o n i z e d  H2 O )  Sa l in e  S a l ine  

Na C 1  ( 5 0  mM ) 0 . 2 8 8  4 . 1  2 . 0 5 mlvl 

Mg S 04 ( 1  mM ) 0 . 0 2 5 ( - 7H2 O )  1 . 7 4 1 .  7 4  x 1 0 - 5 

C a C 1 2 ( 1  mM) 0 . 0 1 5  ( - 2 H2 O )  2 . 7 2 2 . 7 2 x 1 0
- 5 

Na 2 HP04 ( 0 . 1  M )  1 . 4 2  1 . 0  1 mM 

KHZ P 04 ( 0 . 1 M)  1 .  3 6 1 . 0 1 mM 

P a g e  m inus Na
+ 

- 5 0  mM KC1 ( 0 . 1 8 6  g / 5 0  m1 ) s ub s t i t ut e d  f o r  Na C 1  s t o c k . 

- 0 . 1  M K2 HP04  ( 0 . 8 7 g / 5 0  m1 ) s ub s t i tu t e d  for  Na 2 HP04 
. s to ck . 

. 

- [ K+ ] c oncent r a t i on inc r e a s e d  by  5 - fo 1 d .  

P a g e  m inus K+ 
- 0 . 1  M Na H2 P 04 ( 0 . 6 9 g I - hy dr a t e / 5 0  m1 ) s ub s t i tu t e d  

for KH Z P04 s t ock . 

[ Na+ ] c oncen t r a t i on incre as ed  x 1 . 2 5 . 

Pa g e  m i nu s  Ca+ +  
- 1 mM Mg C1 2 ( 1 0 . 2 mg 6 - hy dr a t e / 5 0 ml ) s ub s t i t u t e d fo r 

C a C I Z s t o ck . 

- [Mg + + ] c onc en t r a t i on i nc r e a s e d  x 2 . 5 .  

• 1\ '1 + +  Pa g e m lnu s 1'. g 

- 1 mM ( NH4 ) 2 S 04 ( 6 . 6 mg / 5 0 ml )  s ub s t i tu t e d  fo r Mg S04 s to c k . 

M 

M 

- [ NH4 + ]  concen t r a t i on inc r e a s e d  from z e r o t o  3 . 5 x 1 0 - 5  M .  
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ameb a s a l i ne  cont a ining 2 n�l MOP S  b u f fe r  rep l a c ing  the  

pho s p h a t e  s a l t s . 

As s ay o f  En f l ag e l l a t i on 

Th e p ro g re s s  o f  en f l ag e l l at i o n  was  moni t o r e d  e s s en 

t i a l ly  a s  p rev ious ly de s cr ib e d  (4 5 , 5 0 ) . Samp l e s  we r e  re 

m ov e d  from the  ag i t a t ing s u s p en s i ons  wi th Pas t eur p i p e t s  

a n d  1 drop o f  s u s p ens i on was added d i re c t ly t o  2 drops  o f  

D i  An t on i o dine ( 1  g K I  and 1 . 5 g p owd e r e d  i odine  c rys t a l s  

p er l i t e r  de ion i z e d  wat e r )  wh i ch i mme d i a t e ly fixe d the 

c e l l s . In order to s imp l i fy a s s ay of the  en f l ag e l l a t i on ,  

t h e  i o dine fixative  s t a in was  p l a c e d  i n t o  numb e r e d , f l a t 

b o t t omed we l l s  o f  a 9 6 - we l l  mi c r o t i t e r  t e s t  p l a t e  ( F a l con  

3 0 4 2  Mi c r o t e s t I I ) and the t imed s amp l e s  f r om the  di f f e r ent 

t e s t  s us p ens i ons  we r e  a dded in s e quence to the s e  we l l s c o n 

t a in ing  f i xa t i ve . Af t e r  the  exp e r imen t s , the  fl a t - b o t t omed  

w e l l s  a l l owed  d i r e c t  m i c r o s cop i c  ob s e rvat i on of  the  fixed 

s amp l e s  in each w e l l . Bo th inv e r t e d  l i gh t  and pha s e 

c on t ra s t  m i c r o s c o p e s  we r e  us e d . At l e a s t 1 0 0  c e l l s  in  

e a ch f ixed s amp l e  w e r e  coun t e d  and  s co r e d  a s  e i th e r  ameb a e , 

r ound c e l l s  o r  f l ag e l l a t e - shap e d  c el l s  by l i ght mi c r o s c opy 

a s  p r e v i ous ly d e s c r i b e d  ( 4 5 , 4 9 , 5 0 ) . �� e n  the app e ar an c e  

o f  f l ag e l l a  o n  c e l l s  was t h e  as s ay e d  p r op e r ty , phas e 

c on t r a s t m i c r o s c o py was u s e d  a s  p r e v i o u s l y  de s c r ib e d 

( 4 5 , 5 0 ) . Va l i d a t i on and quan t i t a t ive  a s s e s smen t o f  th e 

m e thods o f  me a s u r em ent o f  en f l ag e l l a t i on have b e en p r ev i -

o us l y  d e s c r ib e d  ( 5 0 ) . Th e d e fini t i on ,  d e r i va t i on a n d  u s e 
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o f  r e f e r ence t ime  p o in t s  dur ing en f l ag e l l a t ion  ( e . g . T5 0 , 

T P5 0 ) have a l s o  b e en r ep o r t e d  p r ev ious ly ( 3 6 , 4 5 , 5 0 , 5 6 ) . 

The p r o g r e s s  o f  en f l ag e l l a t i on was a l s o  ch e c k e d  

dur ing the  exp e r im en t s  by qui ck ly r emov i n g  f l a s k s  c on t a i n 

l n g  the s us p ens i ons from the shak e r  p l a t fo rms  and ob s e rv i n g  

t h e  s us p ens i ons through t h e  t i s sue cu l tu r e  ves s e l s  w i t h  an 

i nve r t e d  l i ght mi c r o s cop e . Th e susp ens ions w e r e  then 

imme d i a t e ly r e tu rn e d  t o  the shake r s o  a s  no t t o  i n f luenc e 

t h e  e n f l ag e l l a t ion  adve r s e ly .  Th i s  p r o c e dure  ver i fi e d  

t imes  a t  wh ich  c e l l s  b e g an t o  s p in o r  swim w i th d i r e c t e d  

m o t i l i ty i n  the s u s p en s i on s . Qu a l i t a t ive compar i s ons  

b e tween  f l a s ks in an exp e r iment  c ou l d  b e  made up on the  

b as i s  of  the s e  qui ck v i s u a l  ob s e rva t i ons  but  e s t im a t e s  o f  

t h e  p e rcent ag e o f  f l a g e l l a t e s  p re s en t  i n  s us p ens i o n  by 

v i s u a l  o b s e rvat i on were g en e r a l ly  h i gh e r  b y a smal l marg in 

t h an w e r e  the quan t i t a t ive a s s ay s . 

Mu t an t  I s o l a t i on At t emp t s  

At t emp t s  w e r e  made t o  i s o l at e  n on - enf l ag e l l a t i n g  

v a r i an t s  o f  Na e g l e r i a  g rub e r i  NE G - M  b y  t ak ing adv an t a g e  o f  

p ro c e du r e s  out l in e d  p revi ou s l y  ( 4 5 )  f o r  t h e  c l o n i ng o f  

s in g l e  ameb ae . Po t en t i a l l y  mut an t  c e l l s  w e r e  s e l e c t e d  

f r o m  s us p en s ions  o f  N .  g rub e r i  NEG - M  wh i ch had a ch i ev e d  

m ax imum enf l ag e l l a t i on ( 9 0 t o  1 0 0  minu t e s a f t e r  t o ) .  

Am eb o i d  c e l l s  "j e r e  c ar e fu l l y  r emove d f r o m  d i l u t e  s us p en 

s i on s u s ing ve ry f ine drawn - out  Pa s t eu r  p ip e t t e s  ob s e rv e d  

unde r t h e  l ig h t  m i c r o s cop e .  S i ng l e  drop s o f  s u s p ens i o n  
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c o n t a ini ng l e s s than 2 0  such ameb o i d  c e l l s  w e r e  p l ac e d  

o n  d i l u t e  agar p l at e s  ( NM ,  4 5 )  w i t h  0 . 1  ml o f  bac t e r i a l  

s us p en s ion ( Kl eb s i e l l a  pneumon i a e , 4 8 )  and w e r e  d i s t r i 

b u t e d  ove r the s u r face  o f  the p l at e  w i t h  a s t e r i l i z e d  

g l as s  s p reader . Th e p l a t e s  we r e  incub a t e d  a t  3 2 ° C .  

Ba c t e r i a l  l awns app e ar e d  w i th in hour s ; wi t h i n  4 8  hours  

s m a l l  p l aques  c oul d be  ob s e rved in the l awns . The s e  w e r e  

o b s e rv e d  t o  b e  c o l oni e s  o f  ameb a e  ing e s t i n g  th e b ac t e r i a .  

Am eb a c l one s from e a ch o f  the p l aque s  we r e  cul t iv a t e d  

i nd i v i dua l ly by punch ing o u t  p lug s o f  t h e  p l aque s w i t h  

s t e r i l e  Pa s t eur p i p e t t e s  and p l ac ing t h e  p lu g s  i n t o  1 5  ml  

t e s t  t ub e s with  I ml  M7 med i um . Pen i c i l l in G ( 5 0 0 uni t s ) 

and  5 0 0  p g S t r e p tomy c i n  s u l f a t e  (Mi c rob i o l o g i c a l  As s oc ia t e s ,  

Wa l k e r sv i l l e , MD ) w e r e  included t o  p reven t  g rowth o f  

b a c t e r i a . Amebae  we r e  suspended  from the p lug s i n t o  the 

m e d i um by vortexing and then were  a l l owed  to  grow on the 

s i d e  of  the t e s t  tub e incub a t e d  on a ho r i z on t a l  s l ant a t  

3 2 ° C . Af t e r  an in i t i a l l a g  p e r i o d  o f  1 t o  2 days , ameb a e  

f rom t h e  p lug s pr o l i f e r a t e d  and c o u l d  b e  u s e d  t o  i ni t i a t e  

unag i t a t e d  cul ture s  i n  2 5  cm
2 

t i s s ue , cul tur e f l a s k s  w i th 

M 7  m e d ium c on t a i n ing no an t ib i o t i c s . The s e  cul tur e s  wer e  

g rown and t e s t e d  f o r  ab i l i ty t o  en f l a g e l l a t e  us ing  the 

r ou t ine p r o cedur e s . 

I n h i b i t o r s  

Cy c l o heximide  ( Si gma Ch em i c a l , St . Lou i s , MO ) and 

ac t inomy c in D ( S i gma Ch emi c a l , S t . Lou i s , MO) we r e p r e p a r e d  
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i n  2 0 0  � g /m l  s t ock  s o lu t i on s  i n  M7 bu ffer  (wh en us e d  i n  N .  

g rub e r i  s tudie s )  o r  in  Pa g e  ameb a s a l i n e  ( fo r  N .  fow l e r i  

s tud i e s ) . St o ck s o lu t ions  we r e  fi l t e r  s t e r i l i z e d  (Mi l l i p o r e  

H A  0 . 4 5 � m  p o r e  s i z e , Mi l l i p o r e  Co rpor a t i on , Bedford , MA) 

and s t o r e d  at  4 ° C .  St e r i l e  p o r t i on s  o f  the s e  s o l ut i ons 

w e r e  p r e - warme d to approp r i a t e  c o r r e s p ond ing temp e r a ture s 

p r i o r  t o  add i t i on t o cul t ur e s  or  t o  en f l a g e l l a t i ng s u s p en 

s i ons . Al l s o lut i on s  cont a in in g  a c t inomy c in D we r e  cove r e d  

w i th a lum inum fo i l  t o  p r even t l i ght ina c t i va t i on o f  the  

i nh i b i t o r . 

E l e c t ron Mi c r o s c oEl. 

Samp l e s o f  Na eg l e r i a  f ow l e r i  ameb ae  from g r ow i n g  cul 

t ur e s  o r  from s us p en s i on s  in ameba s a l ine  w e r e  f i x e d  by 

a dd i ng an e qual  vo l ume o f  c o l d  4 %  g lu t a r a l dehyde . Th e 

g l u t a r a l dehyde w a s  prepared  in  So rens en pho s pha t e  b u f f e r  

( 1 0 0  oo� ) ,  pH 7 . 2 , c on ta i n ing  0 . 8 5 % Na C l  ( 5 7 6  mOsmo l ) . 

C e l l s  were  immed i a t e l y s e d imen t e d  by c en t r i fug a t i on ,  s us 

p ended  i n  2 %  g lu t a r a l dehyde , and s t o r e d  a t  4 ° C ov e rn i ght .  

The  fixed  c e l l s  w e r e  r i n s e d  twi c e  wi t h  c o l d  bu ffe r and then 

t r e a t e d  w i t h  co l d , buf f e r e d  2 %  o s m ium t e t roxide  fo r 9 0  

m i nut e s . Af t e r  two r i n s e s  w i t h  b u f fe r , t h e  samples wer e  

d ehyd ra t e d  thr oug h a g r ad e d  s e r i e s  of  e th ano l and then 

t r ans f e r r e d  to  p r opyl en e  ox ide . S im i l ar vo l ume s o f  c e l l s 

i n  p ropy l ene o x i d e  and o f  an Ep on 8 1 2 - Ar a l d i t e  5 0 2  r e s in 

f o rmu l at ion  (94 )  w e r e  e qu i l i b r a t e d  for 2 hours . S amp l e s  

o f  b i o l o g i c a l  ma t e r i a l w e r e  then t rans f e r r ed t o  e mb e d d i n g  
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m ix tur e ( 9 4 )  f o r  overni ght equ i l ib r a t i o n . Samp l e s  w e r e  

t ran s f e r red t o  emb edd ing mo l ds and p o l yme r i z ed at  6 0 ° C f o r  

2 days . Ul t r a th in s ec t i ons wer e  s t a in e d  w i th s a tura t e d  

a qu e ous urany l ace t a t e  f o l l owed by l e ad  c i t r a t e  ( 1 1 2 )  and 

e xami n e d  in an RCA EMU- 3 F  o r  an Hi t achi  HU - 1 2  e l e c t r o n  

m i c ro s cop e op e r a t ing at  1 0 0  and 7 S  kV , r e s p e c t ive l y . 

Ra d i o l ab e l i ng En f l ag e l l a t ing  Su spens i on s  

Am e b a e  o f  N .  fowl e r i  w e r e  grown i n  una g i t a t e d  c u l 

ture s a t  3 7 ° C i n  Ne l s on medium and s t imul a t e d  t o  e n f l ag e l 

l a t e  by wash ing and s u s p en s i on in ameb a s a l ine by the 

r out ine  me tho d s  de s c r ib e d  above . Rad i o l ab e l e d  p r e c ur s o r s  

w e r e  e i ther  p re s en t  in t h e  f in a l  vo l ume o f  s us p ending  

a me b a  s a l ine o r  w e r e  adde d t o  f l a sks imme d i a t e l y  a f t e r  

s us p ens i on o f  ameb ae int o ameb a s a l ine . Am e b a e  w e r e  

wa s h e d  and sus p ended in  ameb a s a l ine c o n t a i n ing MOPS 

b u f f e r  (s e e  En f l ag e l l a t i on )  when rad i o l ab e l ing  w i t h  [ 3 2 p ] _ 

i no rg a n i c  pho s pha t e . 

Ra d i o l ab e l  In c o rp o ra t i on As s ay s  

Samp l e s  ( 5  � l )  o f  c e l l suspen s i on s  in non - nu t r i en t  

b uf f e r  or  g rowth me d i a  w e r e  r emoved imme d i a t e l y  a f t e r  

a dd i t i on o f  i s o t op e s  and d e p o s i t ed  o n  f i l t e r  d i s c s  (Wha tman 

G F/ A  g l a s s  f i b e r  d i s c s , C l i f t on , NJ ) wh i ch we r e  dr i e d  and 

c ount e d by  l i qu i d  s c int i l l a t i on s p e c t rome t ry in  o r de r t o  

d e t e rmine  a c tu a l  amoun t s  o f  p r e cur s o r  p r e s en t  ln the sus -

p en s ions . In c o rp or a t i on o f  r a d i o l ab e l e d  amino a c i d s i n t o  



3 3  

t r i ch l o r o ac e t i c  ac i d  ( TCA) p r e c ip i t ab l e  m a t e r i a l  was m e a 

s u r e d . Samp l e s  o f  c e l l  sus p ens i on s  ( 5 0  v I )  we r e  r emove d  

i n t o  1 2  x 7 5  rnm te s t  tub e s  conta ining 1 . 0  m l  o f  a s o lut i on 

c ons i s t i ng of 0 . 0 5  N Na O H ,  1 0 0  V g /ml b o v i n e  s e rum a l bumin 

( B SA) a s  carr i e r  p r o t e in , and 10  mg /ml of  the c o rre s p onding 

u n l ab e l e d amino a c i d .  Tub e s  wer e  incub a t e d  a t  3 7 ° C f o r  1 5  

m inu t e s  t o  hydro ly z e  charg e d  transfe r  RNA ( 8 6 , 1 3 3 )  a f t e r  

wh i ch macromo l e c u l e s w e r e  p r e c i p i t a t e d  b y  addi t i on o f  1 . 0  

m l  of 2 5 %  T CA a t  4 ° C ,  m ix ing and incub a t i on on i c e  f o r  1 

h our . Pr e c i p i t a t e s  we r e  c o l l e c t e d  by  f i l t r at i on on t o  

g l a s s  f i b e r  f i l t e r s  (Wh a tman G F/ A , C l ifton ,  NJ ) p r e - we t t e d 

w i th c o l d  5 %  TCA .  Th e f i l t e r s  we re  was h e d  thr e e  t ime s 

w i th 5 %  TCA a t  4 ° C  and onc e w i t h  9 5 % e thano l . The f i l t e r s  

w e r e  d r i ed f o r  1 5  m inu t e s  in  a ho t oven and coun t e d  b y  

l i qu i d  s c int i l l a t i on s p e c t rome t ry . Wh e n  g luco s e was us e d  

a s  t h e  r adi o l ab e l e d  p r ecur s o r , unl ab e l e d  g luco s e  was 

i n c luded in the Na OH/ BSA s o lut i on . Wh e n  r a d i o l ab e l e d  

pur ine s , pyr im id ine s , nuc l e o s i d e s  o r  nuc l e o t i de s  w e r e  us e d  

a s  p re cur s o r s , s amp l e s  ( 5 0  � l )  of c e l l sus p en s ions w e r e  

a dd e d  t o  0 . 0 5 N Na OH w i th 1 0 0  V g/ml BSA and p r e c i p i t a t i on 

o f  nuc l e i c ac i d s  w a s  effe c t e d  by add i t i on o f  1 . 0  ml 2 5 %  

T CA a t  4 ° C  w i t ho ut  p r i o r  incub a t i on a t  3 7 ° C ;  the r em a i n i n g  

s t eps  w e r e  a s  d e s c r i b e d  ab ove . 

I n c o rp o r a t i on o f  r 3 2
P J - inorgan i c  pho s p h a t e  was  m e a 

s ur e d  by r em o v i n g  s amp les  ( 5 0  v I ) o f  c e l l  s u s p en s i on s  i n t o  

e ach o f  t \'lO  1 2  x 7 5  m m  tub e s  cont ain ing 1 .  a m l  7 mM phosp h a  t e  
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b u f f e r  ( 4 0 m g  KHZ P04 a n d  116 m g  Na Z HP04 . 7 HZ O p e r  1 0 0  m l  

d e i on i z ed w a t e r )  w i t h  5 0 0  p g /m l  BSA . One tub e was t r e a t e d  

b y  a dd i t i on o f  1 . 0  ml  4 0 %  TCA a t  room t emp e r ature fo l l owed 

b y  i ncub a t ion at  9 0 ° C f o r  3 0  minut e s  and p r e c ip i t a t i on on  

ice  fo r a sub s equent 3 0  m inut e s . Th e s e cond s amp l e  p e r 

t ime  p o in t  was  t r e a t e d  by  the add i t i on o f  4 0 %  TCA at  4 ° C 

and incub a t i on on i c e for 1 hour . Bo t h  s amp l e s  w e r e  

c o l l e c t ed  on g l a s s f ib e r  f i l t e r s , was he d ,  d r i e d , and 

c ount e d  as de s cr ib e d  above . 

Ra d i o l ab e l ing of Gr owing Ame b a e  

N .  fowl e r i  ameb ae we r e  grown axen i c a l ly in  1 0  ml 

Ne l s on medium i n  unag i t a t e d  7 5  cm
Z 

t i s s ue c u l ture f l a s k s  

( Fa l c o n  Pl �s t i c s  3 0 2 4 , Oxnard , CAl . The p r o t e ins  o f  g r ow 

i n g  N .  fowl e r i  w e r e  r a d i o l ab e l e d b y  add i t i on o f  L _ [ 3 5 S ] _ 

m e th i onine  ( 9 7 0  t o  1 0 9 5 . 1  Ci /mmo l e , New Eng l and Nuc l e ar , 

B o s t o n , MA) a t  1 0  t o  S O  p C i  p e r  ml  a t  the mi d - l o g a r i thm i c  

phas e o f  g rowth . Ce l l s  were incub a t e d  wi th  radi o l ab e l e d 

. J  amino  a c i d  for 2 4 hou r s  (approxima t e l y  3 . 5 g en e r a t i ons ) ;  

dur ing t h i s  p e r i o d , the cu l ture  g r ew t o  a l a t e l o g a r i thm i c  

p o pu l a t i on dens i ty o f  1 . 6 t o  2 . 5  mi l l i on ameb a e/ mI . I n c o r -

p o ra t i o n o f r a d i o l a b e l e d  m e t h i o n i n e  i n t o  p r o t e i n an d the  

a c tua l r a d i o  l ab e l  c on c e n t ra t i on i n  the  gr owth  med ium we r e  

me a s u r e d  (d e s c r i b e d  i n  the p rev i ous s e c t i o n )  a t  t h e  t ime 
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N .  fowl e r i  ameb ae we r e  a l s o  l ab e l e d w i t h  [ 3 2 P ] - ino r 

g an i c  phosphat e dur ing growth in Ne l s on me d i um cont a i ning  

MOPS b u f f e r  bu t o th e rw i s e as  de s cr ib e d above . Car r i e r 

f r e e  [
3 2 P ] - o r thopho spha t e  ( New Eng l and Nu c l e ar ,  B o s t on , 

MA) wa s neu t ra l i z e d  w i th s te r i l e  Na OH and added t o  m i d 

l og ar i thm i c  pha s e  cu l ture s ( 1 8 hour s ) a t  app roxima t e ly 

5 0  � C i /ml . Th e cul tur e s  we r e  incub a t e d  w i t h  radi o l ab e l  

f o r  2 4  hours a s  b e fore . As s ay s  o f  r a d i o a c t i v i ty i n  the  

m e d ium and incorp o r a t i on into  ho t - o r  c o l d - TCA ins o l ub l e  

m a t e r i a l  were p e r fo rme d a s  de s c r ib e d  i n  the previous  

s e c t i o n  a t  the t ime of  r ad i o l ab e l  add i t i on (backgroun d ) 

a n d  s ev e r a l  t im e s  dur ing 2 4  hour s o f  l ab e l ing . 

Pr epar a t i on o f  Ra d io l ab e l e d  Ce l l s  fo r E l e c t r opho r e s i s  

Ra d i o l ab e l e d  ameb ae  we re  harve s t e d , w a s h e d  fr e e  o f  

m e d ium ,  and prepared  for  e l e c t r opho r e s i s  o r  s ub cu l tu r e d  t o  

ameb a s a l ine ( 1 0 1 )  and s h aken t o  evoke en f l a g e l l a t i on 

( 1 0 6 ) . Th e f l ag e l l at e s , forme d dur ing 3 . 5 h our incub a t i o n  

o f  N .  fowl er i a t  4 Z o C i n  a gyro t o ry wa t e r  b a th , we r e  

s ep ar a t e d  from unt r ans fo rmed ameb a e . Th e r emaining  ameb a e  

a t t ac h e d  t o  the cul ture v e s s e l  w i t h i n  a f ew m inut e s  once  

a g i t a t i o n  w a s  s t op p e d , l e av ing only  f l a g e l l ate s  in t h e  

s up e rn a t a n t  f l u i d .  S i m i l ar l y , f l a g e l l a t e s  l ab e l e d  dur ing  

d i f fe r en t i a t i on we r e  s ep a r a t e d  from unt ran s f o rmed  ameb ae  

and h a rv e s t ed .  
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Ra di o l ab e l e d f l ag e l l a te s  o r  g row ing ame b a e  we r e  

w as h e d  thoroughly w i th Pag e  s al ine ( 1 0 1 ) , warmed t o  3 7 ° C .  

Th e \va s h e d  c e l l s  were  s e d imen t e d  by c e n t r i fug a t i on and 

s u s p ende d i n  0 . 5 m1 i c e - co l d  d i s rup t i on b u f f e r  ( 1 0  �1 

t r i s hydroxyme thy l - aminome than e , 5 0 � g  deoxy r ib onuc l e a s e 

I lm l ,  5 0  � g  r ibonuc l e a s e Alml , 5 mM Mg C 1
2

, p H  7 . 4 ) . 

Am e b a e  o r  f l ag el l a t e s  we r e  rup tured  by thr e e  cyc l e s  o f  

f r e e z ing and thaw in g ; the r e s u l t ing  e x t r ac t s  were  lyo -

p h i l i z ed .  Th e lyoph i l i z e d mat e r i a l  was s u s p ended i n  lys i s  

b u f f e r  I a t  a conc en t r a t i on o f  1 0
7 

c e l l - equ i val ents  p e r  

2 5 0 � l . Ly s i s bu f f e r  I c on t a ined  0 . 5 % s o d ium dodecy l 

s ul fa t e  ( SD S ) , 9 . 5 N u r e a , 0 . 2 %  ampho ly t e s  (pH  3 - 1 0 ) , 5 %  

2 - m e r c ap t o e thano l ) , s upp l emen t e d  w i th 1 0  �I l y s ine ( 6 9 , 

1 0 0 ) . Th e two kn own p r o t e o l y t i c  a c t i v i ti e s  o f  N .  fow l e r i  

( 1 0 6 )  w e r e  inac t i v a t e d  b y  l y s i s  buf fe r I .  Af t e r 5 minut e s  

a t  2 5 ° C , a n  equal volume o f  lys i s  bu f f e r  I I  ( 9 . 5  M u r e a , 

2 %  Non i de t  P - 4 0 , 1 . 5 %  ampho lyt e s  [ p H  5 - 7 ] ,  0 . 4 % ampho l y t e s  

[ p H  3 - 1 0 ] , 5 % 2 - me rcap t o e thano l ,  s up p l emen t e d  w i th 1 0  TIll'-I 

l y s ine  [ 9 7 , 1 0 0 ] ) w a s  adde d . The s amp l e s  w e r e  he l d  a t  -

2 0 ° C u n t i l  s ub j e c t e d  t o  i s o e 1 e c t r i c  f o cu s in g  on t h e  s ame 

d ay . 

Two - D im e n s i on a l  E l e c t ropho r e s i s  

I s o e l e c t r i c  fo cu s ing ( I EF )  w a s  a ch i ev e d  w i t h  m i x e d  

amph o l y t e s  ( 1 . 6 % p H  5 - 7 ,  0 . 4 % p H  3 - 1 0 )  in  1 2 . 5  c m  3 % 

p o l y a c ry l ami de c y l i n d r i c a l  g e l s c o n t a i n i n g  9 . 5 N u r e a  
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a s  p r e v i ous ly de s cr i b e d  ( 9 7 ) . Samp l e  v o l um e s  we re  a d 

j us t e d  s o  t h a t  ap prox imat e ly equal numb e r s  o f  ce l l - equiva 

l en t s  were  l o aded for e ach p r ep ar a t i o n . As s ay o f  rad i o 

a c t iv i ty in e a ch f i n a l  p r o t e i n  s amp l e  ( 1 0 0 )  wa s made by 

r emov i n g  2 p I  o f  s amp l e  in the lys i s  buffe r s  into  0 . 5 ml 

o f  a 0 . 0 5 N Na OH s o l u t i on at room t emp e r a tu r e  cont a ining 

1 0 0 p g / ml  b ov i ne s e rum a lbumin (BSA)  and 1 0  mg /ml unl ab e l e d  

m e th i onine , add i t i on o f  an equal v o l ume o f  1 0 %  TCA ( a l s o  

a t  r o om t emper atur e )  and p re c ip i t a t i on a t  r o om t emp e r atur e 

f o r  1 hour fo l l owed by c o l l e c t i on o f  p r e c i p i t a t e s  o n  f i l 

t e r s  and coun t in g  a s  de s c r ib e d  above (Rad i o l ab e l Inco rpo ra 

t i on As s ay s ) . 

I s o e l e c t r i c  focu s ing was p e r fo rmed u s ing  a Ho e ff e r  

m o de l P S  1 2 0 0  p owe r s upp l y  (Ho e f fer  Sc i en t i f i c  Comp any , 

S a n  F r anc i s co , CA) o p e r a t e d  a t  con s t ant  v o l t a g e  a t  4 0 0  V 

f o r  1 7  hour s , fo l l owed by hyp e r focus ing  a t  8 0 0  V f o r  1 

h o u r  ( 1 0 0 ) . I s o e 1 e c t r i c  focus ing ge l s  we r e  equi l ib r a t e d  

immed i a t e ly a f t e r  r emova l  from the tub e s  in  prep a r a t i on 

f o r  runn ing  in  the  s e c o nd d imen s i on a s  p r ev i ous l y  de s cr i b e d  

( 9 7 ) . 

S o d i um do d e c y l  s u l fa t e - polyacry l am i d e g e l  e l e c t r o 

p h o r e s i s ( S D S - PAG E )  w a s  c a r r i e d out w i th un i form 1 2 % 

a c ry 1 am i d e  g e l s , but o therwi s e  a s  d e s c r i b e d  p r e v i ou s ly 

( 9 7 ) . Mo l e c u l a r  s i z e s t a n d a r d s  0nyo s in , 2 0 0 k d , B - g a l a c 

t o s i d a s e , 1 3 0 k d , p h o s p h o ry l a s e  b ,  9 4  kd , b o v i n e  s e rum 

a l humin , 6 8  k d , ova lbum in , 4 5  k d , c a r b o n i c a n hy d r a s e ,  3 0  



3 8  

kd � s oyb e an t ryps in inh ib i t or � 2 1  kd � and lys o zyme , 1 4 . 3  
k d  we r e  e l ect ropho r e s e d  from a we l l  on the s i de o f  e ach 

S D S - PAGE g e l . 

Amph o lyt e s , SDS , acry l am i d e , N , N ' - me t hy l en e - b i s 

a cry l amide  and m o l e cul ar s i z e  s t andards w e r e ob t a i n e d  fr6m 

B i o - Ra d  Lab orato r i e s ,  Ri chmond � CA . Ur e a  (ul t r apur e  grade ) 

w a s  ob t a ined from Schwa r t z - Mann , Orang eb ur g , N . Y .  Tr i s 

h yd roxyme thy l aminome t h an e , de oxyr ib onuc l e a s e I ,  and r ib o 

nucl e a s e  A w e re from S i gma Ch emi c a l  Comp any , St . Loui s �  MO . 

Non id e t P - 4 0  was ob t a in e d  from Bethe s da Re s e ar ch Lab o r a 

t o r i e s , Ro ckv i l l e , MD . 

G e l S t a in ing 

F o l l owing e l ec t r op ho r e s i s � g e l s  were  fixed  and s t a in e d  

i n  �O % a c e t i c  a c i d , 2 5 %  i s op r o p ano l , 0 . 0 4 %  Coomas s i e b lue 

R- 2 5 0 ( S i gma Ch em i c a l  Comp any , St . Lou i s , MO ) , fo l l ow e d  

by de s t a i ning in  s eve r a l  chan g e s  o f  1 0 %  a c e t i c  a c i d ,  2 0 % 

m e thano l . In  s ome c a s e s � g e l s we r e  s t a i n e d  by a mo d i f i c a 

t i on  o f  t h e  s i lver  s t a in  me tho d  o f  Me r r i l l  e t  al . ( 9 3 ) . 

Ge l s  were  f ixed for  2 hours w i t h  2 0 0  ml  o f  fre s h  5 0 % 

me thano l ,  1 0 %  a c e t i c  a c i d  i n  a c l e an s t a in ing  t ray a g i 

t a t e d  g e n t ly o n  a s h a k e r p l a t fo rm .  Th i s  s o lut i on was  

a s p i ra t e d  from t h e  g e l  t o  avo i d  l e aving  f i n g e rp r i n t s  

(wh i ch s t a i n  b y  t h e  m e th o d ) , rep l a c e d  w i t h  a f r e s h 2 0 0  ml 

of 5 0 %  m e t h a n o l , 1 0 %  a c e t i c  a c i d  a n d  s h a k i n g  was c on t i nu e d  

o ve rn i gh t . Th e g e l s  w e r e  t h e n  r i n s e d i n  2 0 0  ml 1 0 % e th a 

n o l , 0 . 5 % a c e t ic ac i d  f o r  1 hour w i th s h a k i n g f o l l ow e d  b y  
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2 s uc c e s s ive 1 0  m i nu t e  wa s he s  i n  fre s h  2 0 0  m l  p o r t i ons  o f  

t h e  s ame s o lut i o n .  Th e l a s t  o f  the s e  r in s e s  was a s p i r a t e d  

and 2 0 0  ml  o f  a n  ox i d i z ing s o lut i on ( 3 rnM K2 Cr Z 0 7 and 

0 . 0 0 0 3 2  N HN03 ) a d d e d . Th e g e l s  we r e  s haken for 1 0  m inu t e s  

i n  t h i s s o l ut i on wh i l e  p r o t e c t e d  from l i g h t . G e l s  we r e  

t he n  r i ns ed 3 t ime s w i t h  d e i on i z e d  wa t e r  and 2 5 0  m l  o f  

s i l v e r  n i t r a t e  s o lu t i on ( 0 . 0 1 M Ag N03 cont a i n ing  0 . 5 

m g / l i t e r  b en z o tr i a z o l e  [ Ko dak ant i fo g  # 1 , Ro ch e s t e r , NY ] ) 

w a s  added  t o  the g e l s . Th e g e l s  we r e  s haken in th i s  

s o l ut i on f o r  2 0  minu t e s  wh i l e  p r o t e c t e d  from l i ght . Mo s t  

o f  the  s i lver s o l u t i on w a s  a s p i r a te d ,  the  g e l s  we r e  t r an s 

f e r r e d  t o  c l e an t rays and w i thout r i ns ing , 3 0 0  ml o f  

f re s h l y  made deve l op e r  s o lut i on ( 0 . 2 8 M Na 2 C 03 , 0 . 5  m l / 

l i t e r  c ommerc i a l  f o rmal in [ F i s h e r ] , and 0 . 6  mg/ l i t e r  

b en z o t r i a z o l e ) w a s  added . Th e t r ays  we r e  a g i t a t e d  b y  hand 

f o r  1 5 - 2 0  s ec onds  unt i l  a b r o wn p r e c i p i t a t e  app e a r e d , then  

t h e  s o l u t ion w a s  a s p i r a t e d  and  a s e c o n d  3 0 0  m l  po r t i on of  

d e ve l o p e r  was adde d . Af t e r  30  s e c onds , the  s e c ond s o l ut i on 

w a s  d i s c a rded and r ep l ac e d  w i th a t h i r d  3 0 0  m l  o f  d e v e l o p e r  

s o l u t i on and the g e l s  we r e  s h a k e n  in  th i s  fo r 10 - 1 5  m i nu t e s  

lVh i l e  p r o t e c t e d f r o m  l i g h t  unt i l  the  s p o t s  a ppe a red o n  the 

g e l s  and b e fo r e  b ackg round s t a i n in g  w a s  s i g n i f i c a n t . 

De v e l opme n t  was  s t o p p e d  by r ep l ac ing the  d e v e l o p e r  w i t h  

2 0 0  m l  o f  0 . 2 N a c e t i c  a c i d  and a g i t a t i ng f o r  5 m i nu t e s . 

Th e a c e t i c  ac i d  s t e p  wa s r e p e a t e d  and th e g e l s t h e n  r in s e d  

tw i c e  i n  d e i o n i z e d wa t e r  and s t o r e d  i n  s e a l e d  p l a s t i c  

b ag s . 
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Au t o r a d i o g r aphy 

Th e g e l s  w e r e  dr i e d ; Ko dak X - OMAT R f i l m was exp o s e d  

t o  t h e  d r i e d  g e l s  f o r  s ev e r a l  t ime p e r i o ds . Comp ar i s ons 

of p o l yp e p t i de p at t e rns of ameb a e  and f l a g e l l a t e s  we r e  

m a d e  o n  aut o r ad i o g r am s  o f  g e l s  exp o s e d  f o r  t i me p e r i o ds 

s uch  tha t the  p r o du c t  o f  r a d i o a c t i v i ty l o a de d  and exp o s u r e  

t ime was  e quiva l ent t o  8 2 0 , 0 0 0 c ount m i n - 1 f o r  2 1 day s . 

De n s i t ome t r i c  An a l y s e s  

Au t o ra d i o g r ams w e r e  s c anne d  s y s t ema t i c a l l y  us ing a 

d i g i t a l  d rum - s c ann ing m i c ro dens i t ome t e r  (mo d e l C4 1 0 0  

Op t r on i c s  I n t e rna t i on a l , Che lms f or d ,  MA) o p e r a t e d  a t  a 

r as t e r  s e t t i ng o f  4 and a t  2 0 0  �m r e s o lu t i on . One r e c o r d  

r ep r e s e n t e d  a 2 0 0  � m  w i d e  z on e  i n  wh i c h  r e a d i n g s  we r e  

t ak e n  dur ing a s ing l e  r evo lu t i on o f  t h e  s c an n i n g  drum . 

Op t i c a l  dens i t i e s  o f  2 0 0 11 m  l o n g  s egmen t s  o f  a r e c o r d , 

r a n g i n g  c o n t i nuous ly f r om 0 . 0 t o  2 . 0 , w e r e  s t o r e d s e quen 

t i a l l y  on magne t i c t ap e  a s  e i gh t  b i t  d i g i t a l  numb e r s  

( i n t e g e r  r ang e 0 t o  2 5 5 )  b y  me ans o f  an ana l o g  t o  d i g i t a l  

c o nve r t e r  ( 8 8 ) . Ea ch s t o r e d  d a t um t he r e f o r e  r e p r e s en t e d  

t h e  o p t i c a l  dens i t y  o f  a 2 0 0  � m  s quare "fr ame " i n  the 

au t o r a d i o g r am .  

Pr o c e s s ing o f  the  d a t a  f o r  the  quant i t a t i ve ana l y s e s  

p r e s e n t e d  w a s  a c c omp l i s h e d  by means  o f  c omp u t e r p ro g r ams  

d eve l op e d  and imp l emen t e d  by Dr . Wi l l i am E .  Ke e fe of  the 

�l i c rob i o l o g y  De p a r t m e n t  a t  M C V . F i lm b a ckg round d e n s i ty 

l eve l s  were  e l imin a t e d  by mea ns  o f a h i s t o g r am p r o g r am 
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( H I STO)  t h a t  d e t e rmined the mo s t  o ften re c o rded dens i ty 

r e ad ing s , and c a l cu l a t e d  the  me an and s t andard devi a t i on 

o f  the b ackg round dens i ty d i s t r i bu t i on . Th e background 

m e an p l us one s t andard dev i a t ion was s ub t r a c t e d  from e ach 

d a tum and the corre c t e d  va lue s p r in t e d  in the i r  o r i g in a l  

r e l at ive p o s i t i on by  me ans o f  p r o g ram (MCVP LOT ) , wh i ch 

a s s igned  a value o f  z er o  t o  a l l  non - p o s i t iv e  val u e s  ob 

t a ine d a f t e r  b ackg round sub t r a c t i on . The dens i t y  va lue s 

f o r  au toradiogram s p o t s  we r e  e a s i l y  d i s t ingui s h e d  a g a ins t 

the c o rr e c t e d  " 0 "  b a ckg round and w e r e  b r ou g h t  into  r e l i e f  

b y  con t our ing manua l ly the fi lm dens i ty r e ading s o n  t he s e  

p r in t o u t s . Th e max imum p e ak dens i t i e s o f  s p o t s  o n  a two 

d imens i on a l  aut o r adi o g r am were  de t e rmined t o  fac i l i t a t e  

r e s o lu t i on o f  mu l t ip l e  s p o t s  i n  very c l o s e  p r ox imi ty  o n  

a g e l . Th e cont our p a t t e rns were  comp a r e d  w i th the s p o t s  

ob s e rved  v i s u a l l y  o n  the au t o radiog rams . Th e resul t i ng 

c o n t our p a t t erns c o r r e s p onde d t o  the p a t t e rns  o f  p o ly 

p ep t i d e  s po t s  o b s e rved  on the aut o radi o g r am s . 

Qu an t i t a t ive ana lys i s  o f  aut o r ad i o g r am s p o t  d e n s i t i e s  

i n  var i ou s  s i z e and charg e r e g i on s  o f  t h e  two - d i m e n s i on a l  

s ep a ra t i ons  w a s  p e r fo rmed by  app or t i on ing the da t a , by  

m e an s  of  program  (NCVPLOT 2 ) , into  int e rv a l s  a l ong b o th the  

I EF and  S D S - PAG E d i men s i on s  for  e nume r a t i o n and comp u t e r 

quant i t a t i on o f the c on t oure d p e aks . Th e I E F  d i m e n s i on 

w a s  d iv i d e d  arb i t r a r i ly into  6 mm s e c t i ons  c o r r e s p on d i ng 

to the w i d t h  o f  t he p rintout s ,  wh i ch w as 3 0  r e c o rd c o l umn s . 
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S i m i l ar l y  t r e a t e d  r E F g e l s  we r e  cut i n t o  s e c t i ons , the s e c 

t i ons  p l ac e d  into  d e i on i z e d wat e r ,  and the  p H  o f  the ex 

tr a c t  me a s ured in  o rde r t o  r e l a t e  the a rb i t r ary div i s i on s  

t o  t h e  pH g r adient  i n  t h e  r EF g e l . Th e SDS - PAG E  dimens i on 

w a s  o r g an i z e d  i n t o  in t e rval s o f  2 0  k i l o d a l t ons by the 

c ompu t e r  p rog ram (MCVPLOT 2 )  that  c a l ib ra t ed the ve r t i c a l  

s c an c o o rdinate aga in s t  s i z e  s t andards  ( 1 4 . 3  t o  2 0 0  k i l o 

d a l t on s )  that  were  run in the SDS - PAG E  d i mens i on wi th e ach 

s amp l e . Th e d a t a  were s o r te d  into 2 7 0 a r e a s  (9 mo l e cul a r  

s i z e  d ivi s i ons x 3 0  r E F d i v i s i ons ) and the dens i ty value s 

ln e ach a r e a  ,ve r e  s ummed wh i ch wer e g r e a t e r  than o r  equal 

t o  the  c en t e r  p e ak value o f  the l e a s t int ens e c on t ou r e d  

s p o t . Th e l a t t e r  va lue was  en t e r e d  i n t o  the p r o g r am a l ong  

w i t h  the  h i s t og ram- p r o g ram d e r ived back g r o und corr e c t i ons , 

the  s i z e  s t andard p o s i t i ons , and the r e f e r en c e  s t a r t ing 

p o i n t  fo r the  r E F i n t e rv a l s .  

Th e r e s u l t s  o f  the s e  c omput a t i ons we r e  d i s p l ay e d  in a 

m a t r i x  l i s t ing a )  t he dens i ty s um in e a c h  area , b )  s ub 

t o t a l s p e r  mo l e cu l a r  s i z e  int e rv a l  acr o s s a l l r E F d i v i 

s i o ns ,  c )  s ub t o t a l s  p er I E f i n t e rv a l  thr ough a l l  mo l e cul ar 

s i z e d iv i s i o n s , and d) a t o t a l  p e r  aut o r a d i o g r am . Th e 

comput e r - de rived  a r e a s were  then us ed t o  e nume r a t e  the 

c o n t o ur e d  s p o t s  w i th i n the d i f f e r e n t  a r e a s  a n d  s im i l ar 

s ub t o t a l s  f o r  s i z e i n t e rva l s  and r E F  in t e rva l s  we r e  com 

p u t e d . 
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Th e data  p r e s e n t e d  w e r e  bas e d  up on th r e e  indep e n d e n t  

e xp e r imen t s , two - d imen s i onal  p o l yacry l am i d e  g e l  e l e c t ro 

p h o r e t i c  s ep a r a t i on s , and c ompu t e r - as s i s t e d  ana l y s e s . 
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RE SULTS 

Na e g l e r i a  grub e r i  NEG - M  exhib i t e d  b ip h a s i c  l o g a r i thm i c  

g rowth a t  3 2 ° C i n  1 0  ml  ag i t a t e d  cu l tu r e s  in  Bal amu t h  me d i um 

c on t a i n ing 1 � g / ml hem in . Cu l tures  inocul a t e d  at  2 x 1 0 4 

ameb ae /ml g r ew t o  a max imum c e l l den s i ty o f  2 . 7 x 1 0
6 

ame b ae /ml a t  7 0  hours  w i th a min imum me an doub l ing t ime 

(9 e xp e r iment s )  o f  7 . 4  hours ( F i g . 1 ) . N . fow l e r i  nN6 8 was 

g rol�l in 10 ml  ag i t at e d  cul ture s in Ne l s on medium w i t h  2 %  

( v/v)  c a l f  s e rum a t  3 2 ° C .  Cu l ture s ino cu l a t e d  at  2 x 1 0 4 

ame b ae /ml grew t o  a max imum c e l l  d ens i ty o f  1 . 1 5 x 1 0
6 

ame b a e /ml a t  9 2  hours w i t h  a min imum mean doub l ing t im e  o f  

1 1  hours ( 1 2 exp er imen t s )  ( F i g . 1 ) . Ameb a e  o f  b o t h  s t r ains  

in l at e  g r owth pha s e  ( 7 0  hours , NE G - M ; 9 2 hours , nN6 8 )  w e r e  

h arve s t e d , was h e d , and s u s p ended in  6 m l  T K  bu ffer  a t  2 5 ° C .  

Th e s uspens i ons we r e  s haken and the p r og r e s s o f  en f l ag e l l a -

t i on m on i to r ed . Un d e r  the s e cond i t i ons , 8 0 % o f  the  N .  

g rub e r i  ameb ae  c onver te d  t o  a c t ive ly swimming f l ag e l l a t e s  

b y  9 0 m i nut e s  a f t e r  subcu l ture  t o  non - nut r i ent buffer  ( F i g . 

2 ) . Th e t ime a t  wh i c h  5 0 % o f  the  c e l l s  h a d  b e come f l a g e l 

l a t e s , de fined a s  the  T 5 0 ( 3 6 , 5 0 ) was 5 9  minute s .  By 

c on t ra s t ,  n o n e  o f  t h e  N .  f ow l e r i  ame b a e  b e c ame f l a g e l l a t e s 

d u r i ng t h e  f i r s t  7 0  minu t e s , nor  w e r e  mo r e  than 5 %  o b s e r v e d  

t hrough 1 2 0  m inut e s . S i m i l a r ly , f ew o r  n o  f l a g e l l a t e s  
. 5 w e r e  ob s e rv e d  when ame b a e  from 7 0  h o ur ( 9  � 4 x 1 0 . am e b a e /  

m l )  o r  1 2 0  h o u r  ( 5  x 1 0 5 ameb a e/ml ) cu l tur e s  o f  N .  f ow l e r i  



4 5  

w e r e  washed  and s u s p ended in TK b u f f e r  a t  2 5 ° C ( d a t a  n o t  

s h own) .  Su s p ens i on o f  �. fow l e r i  ameb ae  i n  d i s t i l l e d  H 2 0  

a t  2 5 ° C o r  ag i t a t i on o f  cu l ture s r emaining  i n  the i r  growth 

m e d ium a t  l ow e r  incub a t i on t emp e r a ture s d i d  not r e s u l t  in  

c onve r s i on o f  ameb a e  t o  f l a g e l l at e s ( d a t a  n o t  s hown ) . 

N .  grub e r i  NEG - M  ameb ae we r e  we r e  a l s o  g r own in t i s s u e  

cul tur e f l a s k s  w i thout a g i t a t i on i n  Ba l amuth  medium wi t h  

h emin  a n d  a l s o  i n  a l e s s  comp l ex medium (M7 )  r e p o r t e d  t o  

s upp o r t  g o o d  g r owth o f  NE G - M  ameb ae  c ap ab l e  o f  sync h r onous  

d i ffe r e nt i a t i on t o  f l ag e l l a t e s  ( 4 7 ) . M7  med ium was mo d i -

f i e d  f o r  the exp er imen t s  i n  a l l  s tudi e s  r e p o r t e d  he r e  by 

the inc lus ion of c omme r c i a l  d i aly z e d  c a l f s e rum ins t e ad o f  

t he d i a l y z e d  f e t a l  c a l f  s e rum prep ar a t i on de s c r ib e d  o r i g i -

n a l ly (4 7 ) - b e c au s e  o f  the inab i l i ty t o  ach i eve  g r ow t h  

g r e at e r  than 2 x 1 0 5 ame b a e / ml w i t h  s uch a prepar a t i on 

( d a t a  n o t  s hown) . Ag i t a t e d  cul tur e s  o f  NE G - M in M7  me d ium 

g r ew p o o r ly (doub l ing t ime 1 6 hour s v e r s u s  8 - 1 0 hours  r e 

p o r t e d ,  4 7 )  and t o  a l ow y i e l d  o f  app r ox i ma t e ly 1 x 1 0
6 

ameb a e /m l  (v e r s us 2 - 4  x 1 0
6

/ml ) ( F i g . 3 ) . In  con t r a s t ,  un -

a g i t a t e d  cul tur e s  o f  N .  g ruh e r i  NEG - M  in  t i s sue  c u l t u r e  

f l as k s  g rew e qua l l y  we l l  in Bal amuth and M 7  med i a . Am e b a e  

i n ocul a t e d  a t  2 x 1 0 5 ameb a e / l O  ml med i um i n  2 5  cm
2 

t i s sue  

c u l tu r e  f l a s ks g r ew a t  3 2 ° C  w i th mean g en e r a t i on t ime s o f  

1 1  h o u r s  ( 8  exp er imen t s ) in  Ba l amut h  and 1 0  ho ur s ( 6 ex -
>� 

p e r im e n t s )  i n  M7  un t i l  the  ameb ae forme d a n e a r  c o h f l u e n t  

s he e t  o n  t h e  f l as k  ( a t t ached c e l l  dens i ty app roxima t e ly 
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4 x 1 0 5 ameb ae/ cm 2 ) i n  approx imat e ly 5 0 hours  for b o t h  

me d i a ( Fi g . 4 ) . Max imum g rowth o f  NE G - M  in M7 me d i um was  

a c h i eved  a t  3 2 ° C ,  a s  r e p o r t e d  ( 4 7 ) . At t emp t s  a t  fur t h e r  

s imp l i f i c at i on o f  M 7  med ium t o  fac i l i t a t e  s tudi e s  o f  

in i t i a t i on s i g na l s  and r adi o l ab e l ing we r e  n o t  succe s s fu l . 

Hemin , a t  c oncent r at i ons up t o  1 0  p g /ml , d i d  no t rep l ac e  

s e rum fo r op t imal  g rowth o f  NEG - M  i n  M 7  (Tab l e  2 ,  4 8 ) . A 

r e du c t ion in the c on c en t r a t i on o f  d i a ly z e d  c a l f s e rum from 

1 0 %  (v / v) to 8 %  (v/ v )  y i e l de d  equival en t  g rowth of NEG - M  

i n  M 7 , b u t  l ower c onc en t r a t i ons r e s u l t e d  i n  l e s s  g rowth 

( Ta b l e  2 ) . 

S t a t i ona ry phas e c e l l s  o f  ag i t a t e d  ( 1 2 0  hour s ) and 

unag i t a t e d  cul tur e s  o f  N .  grub e r i  NEG - M  i n  M7  med ium a t  

3 2 ° C  w e r e  harv e s ted , w a s h e d  and ag i t a t e d  i n  T K  b u f f e r  a t  

2 5 ° C  a s  d e s cr ib e d  above . Am e b a e  from unag i t a t e d , mo re  

r ap i d l y  g row ing cu l tu r e s  d i f f e r en t i a t e d  mo r e  qui ck l y , mo r e  

s ynchronous l y and t o  h i ghe r y i e l d s  o f  f l a g e l l a t e s  th an d i d  

t ho s e  from the ag i t a t e d  cul ture s ( F i g . 5 ) . Th e TS O  f o r  

t h e  un ag i t ated cul tur e ameb ae  was 6 8  minu t e s , comp a r e d  t o  

a T S O o f  7 6 - 8 0  minu t e s  rep o r t e d  by Fu l t on ( 4 7 )  f o r  axen i 

c a l l y g rown (M7 ,  3 2 ° C )  NEG - M  ameb a e d i f fe r ent i a t e d  und e r  

t h e  sam e c ond i t i on s . 

En fl ag e l l a t i on o f  �.  grub e r i  ameb a e  b y  a d i f f e ren t  

p ro t o c o l  Ct-la t e r i a l s  and Me thods ) r e s u l  t e d  i n  ne a r  comp l e t e  

c o nve r s i on o f  t h e  ameb ae  t o  f l ag e l l a ted c e l l s . N .  grub e r i  

NE G - M  i n  e a r l y  s t a t i on ary ( 6 9 - 7 2  hour s ) un ag i t a t e d  c u l tu r e s  

I 



F i gure 1 .  Ag i t a t e d  cul t ivat i on o f  Na e g l e r i a  g rub e r i  NEG - M  

and N .  f owl e r i  nN6 8 . 

Ameb ae o f  N .  g rub e r i  NEG - M  Ce) were ino cul a t e d  l n  1 0  

m l  o f  Ba l amuth m e d i um c on t a in ing 1 � g /m l  hemin  i n  5 0  ml  

Er l enmeye r cul ture f l a s ks . Am e b a e  o f  N .  fow l e r i  nN6 8 �) 
w e r e  i nocul a t e d  in 1 0  ml o f  Ne l s on med ium conta ining 2 %  

Cv/v)  c a l f  s e rum i n  5 0  ml  Er lenmey e r  cu l ture  f l a s k s . Al l 

c u l tur e s  we r e  i ncub a t e d  w i th ag i t a t i on on a gyro t o ry 

shaking incub a t o r  o p e r a t e d  a t  1 3 0  rpm and 3 2 ° C .  C e l l  

c ount s  were  made on 0 . 2 ml s amp l e s  us ing a Cou l t e r  coun t e r  

a s  de s c r i b e d  i n  Ma t e r i a l s  and Me thods . The curve s s hown 

a r e  the  ave rage  of 9 g rowth curve s for  N .  grub e r i  and 1 2  

c urve s fo r N .  fowl e r i . 



, i  

4 0  8 0  1 2 0 

C U L T U R E  A G E  ( h )  
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F igure  2 .  Enf l a g e l l a t i on o f  ameb ae  o f  Na e g l e r i a  g rub e r i  

and Na e g l e r i a  f owl e r i  g r own i n  ag i ta t e d  cul ture s . 

Am e b a e  f rom c u l tur e s  o f  N .  grub e r i  NE G - M  ( 7 0  hour s , ) 

and  N .  fow l e r i  nN6 8 ( 9 2 hour s , CI )  g r own as  i n  F i gure 1 and 

n e ar ing max imum c e l l  den s i ty w e r e  harve s t e d  and was h e d  f re e  

o f  medium by thr e e  c y c l e s  o f  c en t r i fug a t i on an d s us p en s i ons 

(i.le t h o d  C ,  Fu l t on 1 9 7 0  - s e e Ma t e r i a l s  and Methods ) in 1 0  ml 

TK b uffe r at 2 � o C  and w e re f ina lly s us p en de d  i n  6 ml T K  

b u f f e r  a t 2 5 ° C .  Th e s us p ens ions  we r e  ma i n t a i n e d  i n  s us p e n 

s ion b y  g ent l e  a g i t a t i on i n  5 0  m l  Er l enmey e r  cul ture f l a s ks 

i n  a waterb ath  s haker o p e r a t e d  a t  1 2 0  rpm and 2 5 ° C .  En f l a 

g e l l a t ion  was  moni t o r e d  b y  r emoving s amp l e s  into  an i o di n e  

f i x a t ive  s t a i n  a t  r e gu l a r  t imed  i n t e rval s and de t e rmin i n g  

t h e  numb e r  o f  en f l a g e l l a t e d  c e l l s  i n  a f i e l d  o f  a t  l e a s t 

1 0 0 c e l l s c ount e d  p e r  s amp l e . Ze r o  t ime was  the t ime o f  

f i r s t  s u s p ens i on i n  T K  b u f f e r  a t  2 5 ° C .  
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8 0  
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2 0  4 0 6 0  - 8 0 · 1 0 0 1 2 0 

T I M E ( m i n ) 
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F i gure 3 .  Ag i ta t e d  g r owth o f  N .  grub e r i  NEG - M  i n  M 7  

m e d ium .  

N .  grub e r i  NEG - M  amebae  from s t o ck cul tur e s  i n  B a l a 

mu t h  med ium �e r e  inocu l a t e d  a t  2 x 1 0 4 ame b a e / m l  i n  1 0  ml 

o f  N 7  medium conta ining 8 %  (v/v)  d i al y z e d  c a l f s e rum in 

5 0  m l  Er l enmeyer cul ture f l a s ks  s haken a t  1 3 0  rpm an d 

3 2 ° C . Ce l l  c o un t s  we r e  made a s  de s c r i b e d  1n Mat e r i a l s 

and Me thod s . Th e curve dr awn r ep re s en t s  th e ave r age  o f  

1 5  s uch g rowth curve s . 



4 0  8 0  

C U L T U R E  A G E  ( h )  

I 
1 2 0 
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F i gure  4 .  Un ag i t a t e d  g rowth of Nae g l e r i a g rub e r i  NEG - M  

i n  Ba l amu th and M7 me d i a  a t  3 2 ° C .  

N . g rub e r i  NE G - M  amebae  we r e  ino cu l a t e d  a t  2 x 1 0 5 

a me b a e  p e r  1 0  ml med ium in  2 5  cm2 t i s sue  cul ture  f l a s k s  in 

e i th e r  Ba l amuth medium conta ining I p g /ml hem in ( ) o r  M7  

m e d i um w i th 8 %  (v / v )  d i a ly z e d  c a l f s e rum ([]) . Cu l tu r e s  

w e re i ncub a t e d  a t  3 Z o C  w i thou t  ag i t a t i on . A t  s amp l in g  

t ime s , ameb ae "g rowing on t h e  f la s k  surface  we r e  s us p ende d in 

t h e  g rowt h  medium b y  ag i t a t i on and the den s ity  o f  the  c e l l  

s us p e n s i on de t e rmined by Co u l t e r  coun t e r  a s  de s c r i b e d  in 
Ma t e r i a l s  and Me thods . Th e curv e s  rep r e s ent  the  ave r a g e  o f  

8 g rowth curve s ( Ba l amut h )  and 6 g rowth curv e s  (M 7 ) . 



, J  

4 0 8 0  1 2 0 

C U L T U R E  A G E  ( h )  



S e rum Conc e nt r a t i on 
( %  v / v )  

1 0  
8 
6 

4 
2 
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Tab l e  2 

Ef f e c t s  o f  Va ry ing M7 Me d i um Cons t i tu en t s  Up on 

G r owth of  Na e g l e r i a  grub e r i  NEG - M  

He m i n  Max imum Ce l l  Den s i ty 
( � g /m l ) (Ame b a e / I O  m l  Cu l ture ) 

0 9 x 1 0
6 

0 9 x 1 0 6 

0 8 x 1 0
6 

0 7 x 1 0
6 

0 5 x 1 0
6 

1 0  
· 5  

3 . 5  x 1 0  

� .  g rub e r i  NEG - M  g row ing i n  M 7  me d i um in mi� - l o g a r i thmi c  phas e w a s  
i n o c u l a t e d  a t  1 0 5 ameb a e / cul tur e  i n t o  2 5  c m  t i s s ue cul ture  f l a s k s  c o n 
t a i n ing  1 0  m l  ( f in a l  vo lume ) o f  M 7  me d i um w i th the  indi c a t e d amo un t s  o f  
d i a ly z e d c a l f  s e rum o r  o f  hemin . The cul tur e s  we r e  incub a t e d  a t  3 2 ° C  
and c e l l  c o un t s  w e r e  made d a i ly f o r 5 days a s  de s c r ib e d for  F i gur e 4 .  

Th e t im e a t  wh i ch t h e  h i ghe s t  c e l l  dens i ty was  r e ache d i s  s h own fo r e ach 

c a s e .  

T ime 
(h )  

7 0  
7 0  

7 0  
7 0  

t.n 
t.n 

1 0 0  

4 0  
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F i gure 5 .  En f 1 age 1 1 a t i o n  o f  Na e g 1 e r i a  g rub e r i  NE G - M  g r own 

in a g i t a t e d  or unag i t a t e d  c u l t ur e s  in M7 m e d i um .  

St a t i onary pha s e  amebae  ( 1 2 0  hour s ) o f  a g i t a t e d  ( . ) 
and unag i t a t e d  ([]) c u l tures  o f  N .  grub e r i  NEG - M  g rown a t  

3 2 ° C  i n  M7 me dium w e r e  harve s ted , wa she d and s us p en d e d  in 

T K  b uf f e r at 2 5 ° C .  Th e s u spens i ons we r e  ag i t a t e d  a t  2 5 ° C  
and e n f 1 ag e 1 1 a t i o n  wa s as s ay e d  a s  de s c r i b e d  fo r F i gur e  2 .  



1 0 0 

8 0  
C/) 
w 
r-
« 6 0  -l 
-l 
W 
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« 
-l 4 0  u.. 
� 0 
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2 0  4 0  6 0  8 0  1 0 0 1 2 0 

T I M E  ( m i n )  
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we r e  was h e d  wh i l e  a t t ache d to  the  f l a s k , s uspended  in non -

nut r i en t  buffer  ( 7  mM p h o s phate  buf fe r , p H  6 . 8 ) a t  2 5 ° C 

and ag i t a t e d . I n  1 0  exp er iment s ,  an ave r a g e o f  8 6 % ( r ang e 

8 0  t o  9 5 )  o f  the amebae  b e c ame f l a g e l l a t e d  c e l l s  by 9 0  

m i nut e s  a ft e r  to ( F i g . 6 ,  dark c i r c l e s ) .  The T 5 0  f or 

c e l l s w i t h  f l ag e l l a  in t he s e  exp e r imen t s  ave raged  7 2  ! 6 

m inut e s .  

Th e enfl ag e l l a t i on o f  N .  grub e r i NEG - M  by  th i s  me thod  

f o l l owed  the g ene r a l  s cheme of  even t s  p re v i ous ly r ep o r t e d  

f o r N .  grub e r i  d i f ferent i a t i on ( 4 8 , 5 0 ) . Ve r y  l i t t l e  mor 

pho l o g i c a l  chang e was ob s e rved  dur ing an i n i t i a l  3 0  minu t e  

" c o ve r t  p e r io d" f o l l owing t h e  s t imulus . A s ub s t ant i a l  

c h ang e i n  the p opu l a t i on mo rph o l ogy occur r e d  b e twe en  4 0  

m i nu t e s  and 8 0 - 9 0  minu t e s a f t e r  t o i n  wh i ch the maj o r i ty 

o f  ameb o i d  c e l l s  conve r t e d  t o  very regul ar s p he r i c a l  

c e l l s . Be g inn ing a t  ab out 5 5  minut e s , as  f l ag e l l a  ap -

p e ar e d  on  the c e l l s , an i nc r e a s ing numbe r  o f  the ce l l s  

w e r e  s e en t o  b eg in s p inning  ar ound the i r  c en t ers  wi thout  

any d i r e c t i ona l mo t i o n . From 8 0  minut e s  onward , a s t r i k ing 

c onve r s i on o f  s p inning c i r cul ar c e l l s  int o t h e  s t r e am l ine d , 

t e ardrop - s h ap e d , d i r e c t i on a l l y  swimming ma tur e f l a g e l l a t e  

f o rm� o c curred . Th e chan g e  from round t o  f l a g e l l a t e  shap e  

o c curred  very  qu ickly  fo r i n d i v i dual  c e l l s , w i th a s ub s t an -

t i al numb er  o f  a dd i t i ona l , fu l ly ma t u r e  f l ag e l l a t e - s h ap e d  

c e l l s  app e ar ing  i n  s uc c e s s iv e  t imed s amp l e s  f i x e d  i n  

i o d i n e  s t a i n  and c o un t e d  f o r  p e r c en t a g e s  o f  c e l l s  w i t h  
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the  d i ffe rent s h ap e s  ( 4 9 , 5 0 ) . The p r o g r e s s  o f  en f l ag e l 

l at i on a s  a s s ayed  by c e l l  shap e chang e s  ( F i g . 6 ,  op en 

s ymb o l s )  demons t r a t e s  the conve rs i o n  o f  ameb a e  into  round 

c e l l s  and then of r ound c e l l s  into  e l ong a t e d  f l ag e l l at e 

s hap e d  c e l l s . Th e T5 0  for  conv e r s ion o f  ameb ae  t o  round 

c e l l s  was 6 3  m inut e s . As round c e l l s  b e g an to  swim and 

l o s e  the i r  s phe r i c al s h ap e ,  a s i gn i f i c ant numb e r  d i d  no t 

a s s ume the char a c t e r i s t i c  f l a ge l l a t e  s h ap e , o r  d i d  s o  and 

r eve r t e d  qu ickly to  ameb a e  and wer e , the r e for e , coun t e d  as 

amo rphous ame b ae when a s s ays  according to c e l l  s h ap e  were  

done . Ac c o rd ing ly , a max imum of  only 5 0 % f l ag e l l a t e 

s hap e d  c e l l s  was  s e en in  3 hours  even though the numb e r  o f  

c e l l s  w i th f l a g e l l a  r ema ined  n e a r ly cons t ant and a numb e r  

o f  s wimmirig c e l l s  w i thout S tr e aml i n e d  shap e we r e  no t e d  

( F i g . 6 ) . 

A marked  dep endenc e o f  enf l ag e l l a t i on upon p r i o r  

g rowth t emp e r a tur e had b e e n  r ep o r t e d  for N .  grub e r i  NEG - M  

g rown axen i ca l l y  i n  M 7  medium ,  but n o t  wh e n  grown i n  

a s s o c i a t i on w i th b a c t e r i a  ( 4 7 ) . Ameb a e  g r own axen i c a l l y  

a t  2 5 ° C w e r e  foun d  t o  enflag e l l a t e  mo r e  s l owly (T s O f l  = 

8 5  m inu tes )  t h an d i d the ame b a e  g r own a t  3 2 ° C (T 5 0  f l  = 

7 4  minut e s )  ( Tab l e  3 ) . Th e t emp e r ature o f  the d i f f e ren 

t i a t ing s u s p e n s i o n  has b e e n  rep o r ted t o  b e  a c r i t i c al 

f a c t o r  f o r  d i fferent i a t i on o f  N .  grub e r i  r e g a rd l e s s  o f  the 

c orid i t i o n s o f  g r ow t h  ( a x en i c  or b a c t e r i a l )  ( 4 5 , 4 8 ; 5 0 ) . 
I n c rea s ing t h e  t e mpe r a ture o f  the d i f fer en t i a t i o n 
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F i gure 6 . En f l ag e l l a t i on o f  Na e gl e r i a  g rub e r i  NEG - M  

g r own in unag i ta t e d  cul tures , wa s h e d  and s us -

p ended i n  non - nu t r i en t  bu ffer wi thout c e n t r i -

fug a t ion . 

Ameb ae o f  Na e g l e r i a  g rub e r i  NEG - M , growing  in M7 me d i um 

w i t h  8 %  (v/v)  d i a l y z e d  ce l f  s e rum i n  unag i t a t e d  2 5  cm2 

t i s s ue cul ture f l a s k s  a t  3 2 ° C ,  were  al l owed  t o  g row t o  l a t e  

l og a r i thmic  ph a s e  (ne a r - conf luent mono l ay e r  o f  ce l l s , 4 x 

1 0 5 ameb a e / cm
2

) .  En f l ag e l l at i on was  in i t i a ted  by de c an t i n g  

t he growth med ium a n d  r in s ing the a t t ached c e l l s (b e g i nn i ng 

a t  t = 0 )  twice  with non- nu t r i ent  M7 buf f e r  ( 7  mM pho s p h a t e  

b u t t e r ,  pH 6 . 8 ) a t  2 5 ° C .  Th e washed  ame b a e  w e r e  s u s p e nd e d  

i n  6 m l  o f  t h e  s ame buffer a t  2 5 ° C and w e r e  ag i t a t e d  i n  

t i s sue  cul tur e f l a s ks ( t urne d up r i ght and fas t ened  i n t o  a 

\� a t e rb a th s hake r )  a t  1 2 0 rpm and 2 5 ° C t o  keep  the am eb a e  

i n  s uspen s i on . Samp l e s  we re remove d i n t o  i odine  f i x a t ive  

a n d  1 0 0  c e l l s  per  t ime p o in t  were  counted  for p er c en t a g e  

o f  c e l l s  h av ing : 

CO) 
(�) 
CO ) 

f l ag e l l a  vi s ib l e under  pha s e  c on t r as t op t i c s , 
r e g ard l e s s  o f  s h ap e ; 

r o un d  s h ap e , r e g a r d l e s s  o f  f l a g e l l a ; 

f l ag e l l a t e  shape , r e g ardl e s s o f  f l a g e l l a ; 

ameb o i d  s hape , r e g ardl e s s  o f  f l a ge l l a . 

The p o i n t s  r ep re s en t  the  ave rage  o f  1 0  e n f l ag e l l a t i on s . 
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Tab l e  3 

E f fe c t  o f  Gr owth Temp e ra ture o f Ax e ni c a l ly 

Cu l tu r e d  Na eg l e r i a  grub e r i  Up on  En f l a g e l l a t i on a t  Z s o C  

Gr owth Max i mum % 
T e mp e r a ture Ce l l  Dens i t y  Ts O f l  (mi n )  F l ag e l l at e s  

Z s o C  9 . 5 x 1 0 s / m l  8 5  8 0 

3 Z o C  9 . 8 x 1 0 s /ml  7 4 5 3  

N .  gr�b e r i  NEG - M  ame b a e  we re  g r own i n  unag i t a t e d  
2 5  em t i s s u e  c u l ture  f l a s k s  in  1 0  ml  M 7  me d i um 
w i t h  8 %  (v / v) d i a ly z s d c a l f  s e rum .  Ame b a e  we r e  
i no cul a t e d  a t  Z x 1 0  ame b a e  p e r  c u l t u r e  and 
i n c ub a t e d  at the i nd i c a t ed t e mp e r a t u r e  for 7 0  
hours  ( 3 Z 0 C )  and 8 5  hour s ( Z 5 ° C ) unt i l  ameb a e  
r e ache d t h e  s t at i on a ry p ha s e  c e l l  dens i ty . 
En f l ag e l l a t ion wa s evok e d  a s  de s c r ib e d  fo r 
F igure 6 and f ix e d  s amp l e s  we r e  a s s ay e d  fo r 
c e l l s w i th f l ag e l l a . Th e t im e  a t  wh i ch hal f 
o f  the p opul a t i o n  w e r e  s co r e d  w i th f l a g e l l a  wa s 
t h e  T 5 0 f l . Th e max imum % f l ag e l l a t e s  s co r e d  i n  
1 0 0  m l n  i s  s hown . 
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F i gure  7 .  En f l a g e l l a t i on o f  Na e g l e r i a  g rub e r i  NEG - M  

ameb a e  a t  3 2 ° C a n d  2 5 ° C .  

Amebae o f  N .  g rub e r i  NE G - M  w e r e  grO\<Jll a t  3 2 ° C i n  

M7 medium i n  unag i t at e d  cu l ture s a s  des c r i b e d  fo r F i gure  6 .  

Ha l f  o f  the c u l t ure s were  wa s h e d  and s usp ended i n  non 

nut r ie n t  M7 buffer  a t  2 5 ° C (c l o s ed  s ymbo l s ) a s  d e s c r i b e d  

i n  t h e  l e g end to  F i gure 6 .  The othe r ha l f  o f  t h e  cu l tu r e s  

we r e  s im i l ar l y  w a s h e d  and s u s p ended i n  M 7  buf f e r  a t  3 2 ° C  

( o p e n  s ymb o l s )  .. Th e s u s p ens ions  we r e  ag i t a t e d  a t  1 2 0  rpm 

i n  w a t e rb aths ma int ained  at the s ame temp e r a t u r e  as the  

s us p en s i on b u f fe r .  

(�, (»)  r ound c e l l s . 

(�, � )  f l ag e l l a t e - shaped  ce l l s . 
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s us p e n s i on (and wa t e r  b at h )  f r om 2 5 ° t o  3 2 ° C r e s u l t e d  in a 

q u i ck e r  c onvers i on o f  r ound ed  c e l l s  t o  f l a g e l l a t e  s h ap e ; 

h oweve r ,  the s t ab i l i ty o f  fl ag e l l a t e s  and o f  the fl ag e l 

l at e  s hap e was l e s s than at  2 5 ° C  and the y i e l d  o f  ma ture 

f l ag e l l a t e - shap e d c e l l s  was concom i t an t ly l e s s ( F i g . 7 ) . 

Th e e ffe c t s  o f  vary in g growth and d i fferent i a t i on 

t emp e r at ur e s  up on N .  grub e r i  e n f l ag e l l at i on p romp te d  a 

t e s t  o f  N .  fowl e r i  en f l a g e l l a t i on und e r  t emp e r a tu r e s  mo r e  

c l o s e l y  approach ing i t s  no rmal g rowth temp e r ature r ang e . 

I n i t i a l l y , a s urvey fo r enfl a g e l l a t i on o f  a numb e r  o f  N .  

f owl e r i  i s o l a t e s  ma in tained i n  the l abo r a t o ry o f  D . T .  John 

w a s  c onduct ed . Ax en i c al ly g rown N .  fow l e r i  s t r a i n s  in 

un ag i t at e d  cultur e s  g rown a t  3 2 ° C were wa s h e d  and s u s p ended 

in  non - nut r ient  ameb a  s al ine and a g i t a t ed a t  3 2 ° C .  At 

t h i s  t emperatur e , a numb e r  o f  s t r a ins  en f l a g e l l a t e d  t o  

h igh  p e rcentag e s , o th e r s  to  l e s s e r  e x t e nt s , and a few 

s t r a i n s not a t  a l l  ( Tab l e  4 ) . En f l ag e l l a t i on o c c u r r e d , 

h oweve r ,  on ly a f t e r  a d e l ay o f 4 t o  5 hours  a ft e r  s u s p en 

s i on in Pa g e  s al ine a t  3 2 ° C .  S i n c e  a t emp er ature  down 

s h i f t h a d  b e en f ound t o  b e  imp o r t ant in the e xt e n t  and 

k in e t i c s  of d i f fe r en t i a t i on of axen i c  a l l y  g r own �. grub e r i  

NEG - M ,  the e ff e c t s  o f  g r owth t emp e r ature  and t h a t  o f  

e n fl a g e l l a t i on were  s tud i e d  w i th N .  fow l e r i  nN6 8 , the b e s t  

e n f l ag e l l a t i ng s t rain  i n  the f i r s t s urvey . Ameb a e  o f  N .  

fowl e r i  nN6 8 exh i b i t  very s imi l ar g rowth  k i n e t i c s  a t 3 2 ° C 

and 3 7 ° C ( 7 7 )  bu t g r ow l e s s  we l l  a t  4 2 ° C . G r o w t h  a t  t h e  
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op t imum g row th t emp e r a ture , 3 7 ° C  ( 7 8 , 1 3 6 ) , r e s u l t e d  i n  

f a s t e r  t r ans form a t i on o f  ameb ae t o  f l ag e l l a t e s  a t  a l l 

d i ffe r en t i a t i on t emp e r a ture s (F i g . 8 ) . Ameb ae grown a t  

3 Z o C  a nd s h i f t e d  u p  i n  t emp er a ture  f o r  d i f f e r en t i at i on 

e n f l ag e l l at e d  nearly  a s  fas t and t o  e qu iv a l e n t  ext en t s  a s  

d i d  ameb ae grown a t  3 7 ° C  a n d  en flage l l at e d  a t  the s ame 

( 3 7 ° C  and 4 Z 0 C ) t emp e r atur e s . Non e  of t h e  cul tur e s . s howe d 

e n fl age l l at i on ove r 8 hours when incub a t e d  in Pag e  s a l in e  

a t  Z S o C .  N .  fowl e r i  n N6 8 ameb a e  grown a t  4 Z o C  en f l a g e l 

l a t e d  t o  a l e s s e r  e x t e n t  a t  a l l  enf l ag e l l a t i on t emp e r a 

t u r e s  than d i d  the  ameb a e  g rown a t  3 Z o C  o r  3 7 ° C . N fowl e r i  

nN6 8 ameb ae grown a t  any o f  the three  t emp e ratur e s  d i ff e r 

e n t i a t e d  quicker , mo r e  s ynchronous ly , and t o  h i gh e r  max i 

mum y i e l d o f  f l ag e l l at e s  when t r an s formed a t  h i g h e r  t em 

p er ature s than a t  t he l owe r t emp e r a tur e s  ( F i g . 9 ) . The 

e n f l ag e l l a t i on t emp e r a tu r e  was a mor e  imp o r t an t  var i ab l e  

fo r enfl ag e l l a t i on than g rowth t emp e r a tu r e  for cu l t u r e s  

g rown b e tween 3 Z o C  a nd 3 7 ° C .  Al though enf l ag e l l a t i on at 

4 Z o C  o ccurred w i th s ynchrony (�  6 0 %  c omp l e t i ng chang e fro� 

ameb a e  t o  f l ag e l l a t e  s hap e wi thin  3 0  m i nut e s , F i g . 8 c )  

c omp a r ab l e  t o  t h a t  w i th N .  g rub e r i , i n  n o  cas e we r e  

g re a t e r  than 5 %  f l ag e l l a t e s  ob s e rv e d  b e f o r e 1 0 0  minu t e s 

a f t e r  s u s p ens i on in  non- nu t r i e n t  ameb a s a l ine . 

A s e c ond s u rvey o f � . fowl e r i  s t ra i n s , c onduc t e d  

u s ing ameb ae g rown a t  3 7 ° C  and incub a t e d  a t  3 7 ° C  i n P a g e  

s al in e , r e s u l t ed i n  imp rovemen t in the  maximum ex t en t  o f  
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Tab l e  4 

St rains  o f  Na e g l e r i a  fowl e r i  Te s te d  f o r  Ab i l i ty 

t o  En f l a g e l l at e i n  Non - Nu t r i en t  Bu f fer 

% En f l ag e l l a t i on 

S t r a in 3 2 ° C 3 7 ° C 

n N6 8 6 2 5 2  

Love l l  3 5 6 5  

KUL 2 2  5 3  

nN6 9 - l  2 2  2 2  

HB- 5 1 7  1 4  

nN6 9 - 2  1 5  1 7  

nN6 7 8 1 2  

0 3 5 9  3 2 

G J  0 . 3 < 1  

H B - 4 0 0 
NF6 6 0 0 
NF6 9 0 0 

N .  fow l e r i  s t r a i n s  (s e e  Tab l e  1 )  w e r e  g r own i n  
Ne l s o n m e d i um c on t a in i n g  2 %  c a l f  s e r um a t  3 2 ° C o r  
3 7 ° C .  A t  7 2  hour s , the medium wa s  removed and the  
a dh e rent ame b a e  w e r e  r in s e d  wi th  Pag g s a l ine , then 
c ove r e d  w i t h  Pa g e  s a l ine  t o  g ive � l O ameb a e / mI . 
Th e c u l ture s we r e  chi l l e d  a t  S o C f o r  5 minut e s  t o  
f a c i l i t a t e  r e l e a s e  o f  t h e  ame b a e  and t h e n  s h a k e n  a t  
t he s ame t emp e r a ture  a t  wh i ch they we r e  g rown ( 3 2 ° C 
o r  3 7 ° C )  i n  a gyro t o ry s hake r .  F l a s k s  we r e  e x amine d 
h our ly for  8 hours  by p l a c ing  s amp l e s  i n  i o d i n e  f ix a 
t i ve and c o unt ing  t h e  p e rcent a g e o f  f l a g e l l a t e � . The 
% e n f l ag e l l a t i on g iven i s  the max i mum ob t a in e d  at any 
t ime dur ing 8 hour in c ub a t i on . 

aUnpub l i s h e d  r e s u l t s , D . T .  John , Or a l  Ro b e r t s Un i v . , 
Tu l s a ,  O K  1 9 8 1 - 1 9 8 2 . 
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F i gure 8 .  Ef fec t o f  p r i o r  g rowth t emp e rature  up on e n f 1 a g e 1 -

1 a t i on o f  N .  f ow l e r i  nN6 8 . Growth temp e r a tu r e s  

were  ) 3 2 ° C ,  C . )  3 7 ° C ,  CA) 4 2 ° C .  En f 1 a g e 1 -

1 a t i o n  p e r fo rmed a t  A) 3 2 ° C ,  B )  3 7 ° C ,  C )  4 2 ° C .  

F i gu re 9 .  Ef f e c t  o f  s uspens ion t emp e r ature up on enf 1 ag e l 

l a t ion o f  N .  fowl e r i  nN6 8 . En f l ag e l l a t i on t e m 

p e ratur e s  w e r e  C.)  3 2 ° C ,  C ) 3 7 ° C ,  CA)  4 2 ° C .  

Gr owth t e mp eratur e s  we re A) 3 2 ° C , B )  3 7 ° C ,  

C )  4 2 ° C .  

Amebae  o f  Na eg l e r i a  f owl e r i  nN6 8 w e r e  g rown in una g i 

t at e d  cul ture s w i th 5 m1 Ne l s on medium containing  2 %  c a l f  

s e rum . S i x  f l a s k s  e ach w e r e  incub a t e d  a t  3 2 ° C ,  3 7 ° C ,  and 

4 2 ° C w i thout ag i t a t i on unt i l  near c onfluent  c e l l 1 ay e � s  

w e r e  ob t ained . A p a i r  o f  f l a s k s  from e ach g rowth  temp e r a 

ture  w e r e  dra ine d o f  g rowth med i um ,  r ins e d  w i th Pag e ame b a  

s a l ine p r e - warmed t o  3 2 ° C ,  s u s p ended i n  5 ml 3 2 ° C Pag e 

s a l ine , and a g i t a ted  in a s hake r b a th a t  3 2 ° C  an d 1 2 0  rpm . 

S imi l ar r ins ing and s u s p ens i on wi th ameb a  s a l i n e  pre - warmed 

t o  3 7 ° C and 4 Z o C  w e r e  p er fo rmed w i th f l a s ks g r own a t  a l l  

t emp e ratur e s  and the s u s p e n s i ons we r e  ag i t a t e d  a t  the  c o r 

r e s ponding t e mp e r a t u r e . As s ay o f  e n f l a g e l l a t i on w a s  p e r 

f o rme d a s  d e s c r i b e d  i n  the  l e g end  t o  F i gur e 6 .  Each da t a  

p o in t  i s  the  ave r a g e  o f  the  % f l ag e l l a t e - s h a p e d  c e l l s  Cp e r  

1 0 0  c e l l s  c ount e d )  i n  the fixed  s amp l e s  from a p a i r  o f 

f l a s k s . 
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e n f l ag e l l a t i on o f  a f ew s t r a in s , p ar t i cul ary  Lov e l l  and 

KU L ,  b u t  in g en e r a l  d i d n o t  g r e a t ly chang e the r e s u l t s  

s e en  p re v i ou s ly wi th 3 2 ° C  (Tab l e  4 ) . Re s u l t s  ob t a ined  

w e re c omp ar ab l e  b e tween our l ab o r a t o ry and that of  D .  John 

(p e r fo rm e d  at Or a l  Ro b e r t s  Un ive r s i ty ,  Tu l s a , OK) . Even 

a t  op t ima l  t emp e r ature  cond i t i ons  e s t ab l i she d  for  N . 

f owl e r i  nN6 8 ,  Love l l  and KUI.  s t ra ins , the r e  we r e  no  f l a g e l 

l a t e s  ob s e rved dur ing 8 hour s in  Page  s al ine  for  s t ra i ns 

HB- 4 ,  NF6 6 and KF6 9 .  Th e th r e e  non - en f l ag e l l a t ing  s t r a i n s  

( NF6 6 , N F6 9 , a n d  HB 4 ) w e r e  mix e d  in p a i r - wi s e  comb i na t i on s . 

No f l age l l a t e s  we r e  ob s e rved  in the comb i na t i ons o r  the  

i n d i v i du a l  s u s p en s i on s . Th e non- enf l a g e l l a t ing s t r a in s  

w e r e  i nd i v i dua l l y  m i x e d  w i th t h e  en f l ag e l l a t ing s t r a i n  

nN6 8 .  En f l a g e l l a t i on in the s e  p a i r - w i s e  mixtur e s  ,
was  s ame 

as  that  for  a c omp a r ab l e  numb e r  o f  en f l ag e l l a t ing  nN6 8 

a l one . St r a in nN6 8 was  s e l e c t e d  for  s ub s e quent  s tudi e s  on 

c ondi t i ons  a ffec t i ng en f l ag e l l a t i on .  The r e a s ons f o r  the  

inab i l i ty  t o  evoke en f l a g e l l a t i on of  s ome s t r ains  we r e  no t 

known , but  the p o s s i b i l i ty t ha t  the s e s t r a in s  c o u l d b e  

u s e d  t o  comp a r e  even t s  o c curr ing in  enf l a g e l l a t ing ameb a e  

w i t h t ho s e  o c cur r ing in ame b a e  s imi l a r l y  dep r ived o f  

nut r i e n t s ,  but  no t unde rgo ing morpho g e ne s i s , made the s e  

s t r a i n s  o f  s i g n i f i c ant int e r e s t .  

An a t t emp t 'v a s  made t o  i s o l a t e  mut an t s  o f  N .  g rub e r i  

N E G - M  u n ab l e  t o  e n f l a g e l l a t e  b y  s e l e c t i v e  r emov a l  o f  non 

e n f l ag e l l a t e d  ameb a e  from e x t e n s iv e l y  enfl a g e l l a t e d  c u l t ur e s  
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and c l one  p l a t ing o f  the s e  c e l l s  by the  me thods  out l ined  

b y  Fu l ton ( 4 5 )  (Ma t e r i a l s and  Me th o d s ) .  Se l e c t i ve r emova l 

o f  ame b a e  f rom s uch e n f l ag e l l a t ing s us p en s i ons  and g o o d  

g r owth o f  t h e  ameb ae t o  y i e l d  c l on e  p l aqu e s  wa s ach i ev e d ; 

h oweve r , s c re en ing o f  t he s e c l one s for  the ab i l i ty t o  

d i ffe r en t i ate  in  n on - nut r i en t  bu f f e r  a lway s  resul t e d  i n  

p opu l a t i ons  w i th v a r i ab l e , but h i g h , p rop o r t i ons  o f  fl a 

g e l l a t e s . 

Th e d i f fe r enc e i n  t he t ime  cour s e  for  e n f l a g e l l a t i on 

o f  N .  fowl e r i  f r om that  s e en w i t h  N .  grub e r i , as  we l l  as  

t he d e g r e e  of var i ab i l i ty s e en b e tween  s t ra ins  of  N .  

f ow l e r i  w i th r e s p e c t  t o  enf l ag e l l a t i on ab i l i ty , d emo n 

s tr a t e d  that  the  two s y s tems b ehaved qui t e  d i ffe r en t ly 

unde r t h e  c on d i t i ons  t e s t e d . Ftirthermor � , a l though a 

d i s t in c t  r ound ing s t a g e  was ob s e rved f o r  N .  grub e r i , 

ameb ae  o f � . fowl e r i  appeared  t o  acqu i r e f l a g e l l a  and 

e l ong a t e  w i thout a r ounding  s t a g e  ( F i g s . 2 6 - 3 1 ) . N .  

fowl e r i  and N .  g rub e r i  g r own i n  a c ommon med ium a t  3 2 ° C 

and i nduc e d  t o  enfl a g e l l a t e  unde r  the s ame c ond i t i on s  

c on t inued t o  exh i b i t  the s e  d i f f e r ence s .  G r owth o f  ameb a e 

o f  N .  f owl e r i  a nd N .  g rub e r i  in  a hyb r i d  me d i um ( 1 : 1  

Ne l s on : Ba l amut h )  a t  3 2 ° C  w a s  comp a r ab l e  t o  that  o b t a in e d  

b y  t h e  ameb ae  in the i r  r e s p ec t ive g rowth me d i a  a t  t h e  s ame 

t emp e r ature  (d a t a  no t s h own ) . N .  grub e r i  ameb a e  g r own i n  

t h i s  m ed ium and induc e d  to  en f l ag e l l ate  b e g an c onve r s i on 

t o  f l ag e l l a t e s b e g inn ing a t  approxima t e l y 1 hour  a f t e r  



7 3  

s us p e n s i on whe r e a s  N .  fowl e r i  ameb a e  t r e a t e d  s imi l ar l y  d i d  

n o t  enfl ag e l l a t e  unt i l  a f t e r  3 . 5 hours ( F i g . 1 0 ) . 

N .  g rub e r i  ameb a e  from cul ture s  in m i d - l o g ar i thm i c  t o  

m i d - s t a t i onary phas e s  o f  g r owth in M7  me d i um b e g an rounding  

up and c onve rt ing t o  f l a g e l l a t e s  a t  app roxima t e l y  the  s am e  

t ime a f t e r  s u s p en s i on in  non - nu t r i en t  buff e r  a n d  to  e qu i 

v a l ent  exten t s  ( Fi g . 1 1 ) . In cont ras t ,  us e o f  N .  fow l e r i  

ame b a e  from d i ffer ent s tag e s  o f  the p opul a t i on g r owth 

c u rve  markedly inf luen c e d  the nature of  the en f l a ge l l a t i on 

r e s p o n s e ob tained . Ac t iv e l y  g r owing cul t ur e s  o f  N .  
f owl e r i  e n f l ag e l l at e d  only a f t e r  a de l ay o f  3 t o  4 hours 

f o l l owing s ubcul tur e t o  ameb a s a l ine . Ex t en s i ve e n f l a g e l 

l at i on was  ach i eved  in  a s h o r t e r  p e r i o d  and with  g r e a t e r  

s yn c h r ony us ing ameb ae  l n  mi d - t o - l a t e  s t a t i onary pha s e 

( Fi g . 1 2 ) . Howeve r ,  even the mo s t  s ynch r onous en f l ag e l l a 

t i on o b t ained w i th N .  fow l e r i  ameb a e  nev e r  b e g an s o oner  

t h an 9 0  minut e s  aft e r  s u s p ens i on in  ameb a s a l in e . Re 

p l en i shment o f  the  me d i um on o l de r  c u l t u r e s  w i t h  f r e s h  

m e d i um for  1 8  hours imp a ir e d  t h e  c ap ab i l i ty to  en f l a g e l 

l a t e  up on s ub cu l tu r e  t o  ameb a  s al ine , whe r e a s  incub a t i on 

o f  s p a r s e ly p o pul a t e d , g rowing cul ture s  ln  exp en d e d  med i um 

f o r  1 8  hour s augment e d  the i r  capab i l i ty t o  en f l ag e l l a t e  

( Ta b l e  5 ) . Max imum e n f l ag e l l a t i o n  by  c on t r o l  ame b a e  from 

a m i d - s t a t i onary pha s e cu l ture  and by ame b a e  from a mi d 

l og a r i thm i c  p h a s e cul ture  incub a t e d  in  expended  m e d i um 

o c curr e d  2 t o  3 hour s a ft e r  s ubcul ture  t o  ameb a s al ine . 



.' 
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Th e c r i t i c a l c omponen t o f  M 7  me d i um ,  wh i ch wh en 

r emove d  i n d iv i dua l ly c an s t imu l a t e  e n f l ag e l l a t i on of  N .  

g rub e r i  NEG - M ,  i s  y e a s t  e x t r a c t  ( 4 6 , Tab l e  6 ) . S im i l ar l y , 

s ubcul ture  o f  N .  fowl e r i  ameb ae  from Ne l s on .  me d i um t o  

Ne l s on m e d i um l ack ing l ive r d i g es t i s  a l on e  suf f i c i en t  to  

e voke enfl ag e l l a t i on (Tab l e  6 ) . 

N .  g rub e r i NEG - M  ameb a e  g r own in  M 7  med ium p r o g r e s s e d 

through rounding aud conv e r s i on t o  f l ag e l l a t e d  c e l l s  

w i thout  d i s t ingu i s h ab l e  d i f f e r ence  i n  M7 buf fe r , TK bu ffer ,  

P a g e  ameb a  s al in e , o r  d e i on i z e d wa t e r  ( F i g . 1 3 ) . Some 

v a r i a t i on was s ee n  in the kine t i c s  and ext en t  of app ear 

an c e  o f  the  f l ag e l l a t e  s h ap e  i n  the s e  axen i c a l ly g rown 

c e l l s . Am e b a e  i n  the M 7  buffer  c onv e r t e d  t o  f l ag e l l a t e  

s hap e s omewhat mo r e  qu i ckly  thari tho s e  in t h e  o th e r  buf 

f e r s  ( F i g .  1 3 ) . 

En f l ag e l l a t i on o f  N .  f ow l e r i  n N6 8  l n  Ne l s on medium 

and  s us p ended in Pa g e  ame b a  s al ine , TK b u f f e r  or  d e i oni z e d  

w a t e r  a t  3 2 ° C d i d n o t  o ccur p r i o r t o  9 0  minu t e s  i n  any 

c as e  ( Ta b l e  7 ) . En f l ag e l l a t i on in a numb e r  o f  var i a t i on s  

o f  P a g e  s a l ine la c k ing var i ous c a t i on s  d i d  n o t  r e s u l t  i n  a 

l ar g e r  p r op o r t ion o f  en f l ag e l l a t ing c e l l s  n o r  we r e  f l a g e l 

l a t e s  ob s e rved t o  app e a r  in a s ho r t e r  t ime  p e r i o d  ( Tab l e  

7 )  . 

Cl a s s i c a l l y  us e d  inh ib i t o r s  o f  r ibonu c l e i c  a c i d  ( RNA) 

a n d  p r o t e in s ynthe s i s  c ou l d  p r event en f l ag e l l a t i on o f  

N a e g l e r i a .  Gr owth o f  N .  g rub e r i  NEG - N  wa s r e t a r d e d  by 
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F i gure  1 0 . En f l a g e l l a t i on o f  Na e g l e r i a  fowl e r i  nN6 8 and 

Na eg l e r i a  g rub e r i  EGB  Gr own i n  ( 1 : 1  Ne l s on/ 

Ba l amut h )  Me d ium . 

Ame b a e  o f  N .  fowl e r i  nN6 8 C&\) and N .  g rub e r i  E G B  

( • .) w e r e  inocu l a t e d  a t  2 x 1 0 4 ameb ae/ ml i n  5 ml o f  

( 1 : 1  Ne l s on/ Ba l amut h )  m e d ium in 2 5  cm
2 

t i s s u e  cul ture 

f l a s k s  and i ncub a t e d  w i thout a g i t a t i on a t  3 2 ° C  for  6 5  
hours . At t a ch e d  c e l l s  o f  the  cul tur e s  w e r e  wa s he d ,  s u s 

p ende d and a g i t a t e d  in  Pa g e  ame b a  s a l ine  a t  3 2 ° C  a s  d e -

s cr i b e d  f o r  Tab l e  4 . Da t a  p l o t t e d  are  the  ave rag e o f  two 

exp e r iment s . 
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F i gure 1 1 .  Ef f ec t  o f  cul ture a g e  o f  Na e g l e r i a  grub e r i  

NEG - M  upon  en f l a g e l l a t i on .  

Ame b a e  o f N .  grub e r i  NEG - M  w e r e  inocu l a t e d  a t  1 x 1 0 5 

ame b a e / cul ture i n  5 m l  unag i t at e d  culture s in  M7 me d i um on 

s uc c e s s i ve  days  and i ncub at e d  at 3 2 ° C . On the f i fth  day , 

ame b a e  w e r e  a t  the  fo l l owing dens i t i e s  (ameb ae /ml ) : 

(0 , ) 2 4  hour s , 2 . 4  x 1 0
5

; (0 , . )  7 2  hours , 8 . 0  x 1 0 5
; 

(,6. , A) 9 6  hour s , 1 .  2 x 1 0
6

; (<>,�) 1 2 0  hours , 1 .  2 4  x 1 0 6
. 

Two f l a s k s  a t  e ach a g e  w e r e  washed , s us pende d , a g i t a t e d i n  

M 7  buffe r a t  2 5 ° C and a s s ay e d  for  c e l l  shape  ch ang e s  a s  

d e s c r i b e d  i n  the  l e g end t o  F i gure 6 .  Round c e l l s  ( o p e n  

s ymb o l s ) , f l ag e l l a t e - s hap e d  c e l l s  ( c l o s e d symb o l s ) . 
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F i gu r e  1 2 . Ef f e c t  o f  g r ow th p ha s e  on the c ap ab i l i ty o f  

axen i c  cul ture s o f  Na e g l e r i a  fowl e r i  nN6 8 t o  

enf l ag e l l at e . 

N .  fowl e r i  nN6 8 ameb a e  we r e  grown ln una g i t a t e d  cul 

t ur e s  a t  3 7 ° C i n  Ne l s on ' s med i um w i t h  2 %  (v/ v )  c a l f  s e rum 

t o  t h e  indi c a t e d  p o in t s  on the g rowth curve and then w e r e  

wa s h e d  a n d  s u s p ended  i n  ameb a  s a l i ne a t  e quiva l en t  den s i 

t i e s  and a g i t a t e d  a t  1 8 0  rpm and 3 7 ° C in  a wa t e r b a th 

s hak e r . As s ay o f  e n f l ag e l l a t i on was a s  des c r i b e d  i n  t h e  

l e g end  t o  F i gure 9 .  Re l a t ive enf l ag e l l a t i on comp are d t o  

t h a t  a c h i eve d b y  9 0  hour c e l l s  (4 8 % ) i s  s hown . 
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S t ag e  o f  G r owth 

M i d - l o g a r i thmi c 

M i d - l o g a r i thm i c  

S t a t i onary 

S t at i o n a ry 

Tab l e  5 

Al t e r a t i on o f  the Cap ab i l i ty o f Nae g l e r i a  fow l e r i  t o  

En f l a g e l l a t e  b y  Rep l acement o f  G r owth Me d ium 

Wi th Exp ende d or Fre s h  Nu t r i en t  Me d ium 

Max i mum 
Me d ium Rep l a c ement  En f l ag e l l a t i on 

n o n e  7 %  

exp ended  me d i um 4 2 %  

none  4 4 % 

fre s h  me d i um 5 %  

T ime o f  Max imum 
En f l a g e l l a t i o n  

(h ) 

6 

2 

3 

6 

Cu l tur e s  o f  N .  fow l e r i n N6 8 we r e  g r own a t  3 7 ° C t o  the  m i d - l o g ar i thm i c  ( 2 4 hour s ) 
o r e ar l y  s t ati on a ry (7 4 hour s ) p h a s e o f  g rowt h . F r e s h  Ne l s on me d i um w i th  2 %  (v/ v)  
c a l f  s e rum o r  74  hour c e l l - f r e e  cul ture s up e rn a t an t  ( " exp e nd e d  me d i um" ) w a s  added 
as  ind i c a t e d and cul tur e s  we r e  incub a t e d  a t  3 7 ° C f o r  an  add i t i on a l  1 8  h o u r s . Th e 5 
ameb a e  w e r e  w a s h e d  and s u s p ende d in  ame b a  s a l i n e  a t  a popu l a t i on dens i ty o f  2 x 1 0  
ameb a e /m l  and s haken a t  3 7 ° C .  En f l a g e l l a t i o n  was as s ay e d  fo r 6 hours  a s  de s c r i b e d  

i n  t h e  l e g end t o  F i gur e  9 . 

ex> 
...... 
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Tab l e  6 

E f f e c t  o f  Me d i um Con s t i tuent Remov a l  Up on Enf l a g e l l at i on 

o f  Na e g l e r i a  g rub e r i  and Na e g l e r i a  fow l e r i  

S t r a i n  
En f l ag e l l a  t i on 

Env i ro nment 
Max imum 

En f l ag e l l a t i on ( % )  

nN6 8 

n N 6 8 

nN6 8 

nN6 8 

nN6 8 

N E G - M 

N E G - M 

N EG - M 

NE G - M 

NEG - M 

Ne l s on m e dium 

Ne l s on minus g luc o s e  

Ne l s on  minus s e rum 

Ne l s on m inu s l iv e r  d i g e s t 

Pa g e  s a l ine  

M 7  medium 

M7 m inus s e rum 

M7 m inu s m e th i on in� 

M7 m inus ye a s t  ex t r a c t  

M 7  b u f f e r  

4 
2 
8 

5 8 

6 0 

1 0 
1 2  

8 

S 2  

8 2  

Amebae  o f  N .  g rub e r i  NEG - M  and N .  f owl e ri nN6 8 we r e  
g rO\vn i n  una git a t ed cul tur e s  a t

-
3 2 °C in M7  medium 

o r  Ne l s on m e d ium ,  r e s p e c t i vely . S t a t i onary phas e 
c ul tur e s  w e r e  w a s h e d  and s us p ended  i n  the indi c a t e d  
v a r i a t i ons o f  t h e  g r owth me d i a  and a g i t a t e d  a t  3 2 ° C .  
As s ays o f  e n f l ag e l l a t i on w e r e  p e r forme d by t h e  
s tandard m e t ho d  and t h e  max imum % e n f l ag e l l a t i on 
i n  1 2 0  m i nu t e s (NEG - M ) o r  6 hou r s  (n N6 8 )  n o t e d . 
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F i gu r e  1 3 . En f l ag e l l a t i on o f  Na e g l e r i a  grub e r i  NE G - M  

i n  d i f fe r en t  non- nu t r i en t  buffers . 

N .  g rub e r i  N E G - M  ame b a e  in  3 - d ay una g i t a t e d  cul t u r e s  

i n  M 7  med ium a t  3 2 ° C  w e r e  wa s he d  and s us p ende d i n  d i f fe r e n t  

n on - nutr i en t  buffers  a t  2 5 ° C  b y  t h e  metho d de s c r i b e d  f o r 

F i gure  6 . F l a s k s  w i t h  ameba e  s u s p ended  i n  Pag e  s a l i n e  

C<:>' ) , TK b u f fer  C� , ) , M7  buffer  C[], ) , o r  de i on i z e d  

H2 0 C() , ) we r e  a g i t a t e d  a t  1 2 0  rpm and 2 5 ° C and a s s ay e d  

f o r  c e l l  s hap e chang e s  a s  de s cr ib e d  f o r  F i gure  6 .  Round 

c e l l s (o p en s ymb o l s ) , f l a g e l l at e - s h ap e d  c e l l s  ( c l o s e d  

s ymb o l s ) . 
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Tab l e  7 

En f l a g e l l a t i on o f  Na e g l e r i a  fow l e r i  nN6 8  1n  

D i f f e r e n t  Non - Nu t r i e n t  Env i ronment s 

En f l a g e l l at i on F i r s t F l a g e l l a t e s  Max imum Time o f  Maximum 
En v i r o n m e n t  Ob s e rve d (h ) En f l a g e l l a t i on  ( % )  En f l a g e l l a t i on (h ) 

Pa g e  ameb a s a l ine 2 5 8  3 . 5  
T K  2 3 5  4 . 5 

· 

+ Pa g e  m 1 nus  K 2 4 9 4 
P a g e  m i nus Na

+ 
2 4 4  4 . 5 

· 

C 
+ +  

P a g e  m 1 nus a 2 4 6  3 

· 

M + +  P a g e  mlnus g 2 4 8 3 . 5 
dH 2 0 3 . 5  1 8  4 . 5 

N a e gl e r i a  f ow l e r i  n N6 8 ame b a e  w e r e  g rown i n  una g i t a t e d  cul t ur e s  a t  
3 2 ° C  i n  Ne l s on me d i um w i th 2 %  (v/ v )  c a l f  s e rum . S t a t i onary pha s e  
c u l ture s ( 9 6 h )  w e r e  wa s he d  and s u s p end e d  i n  the  va r i ous non - nu t r i e n t  
b u ff e r s  ind i c a t e d  a t  3 2 ° C .  Compo s i t i on s  o f  t h e  Pag e  ameb a s a l ine  
v a r i a t i on s  are  l i s t e d  i n  Ma t er i a l s  and  Me t h o d s . Th e s us p ens i on s  
( 5  m l )  w e r e s haken a t  3 2 ° C a t  1 8 0  rpm and as s ay e d  f o r  e n f l a g e l l a t i on 
a s  d e s c r ib e d  f o r  F i gure  9 . 

00 
t.n 
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1 v g cyc l oh e x i m i d e / m l  o r  1 v g  a c t inomy c in D/ml and mar 

k e d l y  inhib i t e d  by S v g /m l o f  e i the r inh i b i t o r  ( F i g . 1 4 ) . 

Cy c l oh ex im i de a t  1 � g /m l c omp l e t e ly inh i b i t e d  en f l ag e l l a 

t i on  whe n  added a t  the i n i t i a t i on t ime ( F i g . 1 5 ) , wh e r e a s  

a c t i nomyc in D u p  t o  1 0  V g /ml i nh i b i t e d  f o rma t i on o f  th e 

f l ag e l l a t e s hap e but  n o t  l o s s  o f  ameb o i d  s h ap e  and r oun d 

i n g  ( Fi g . 1 6 ) . 

Add i t i on o f  cyc l o he x imide  a t  4 S  minu t e s  a l l ow e d  a 

p l a t e au value o f  approxima t e ly 5 0 % o f  the c e l l s  t o  r ound 

up ( F i g . 1 7 ) ; thus , the cyc l oheximide  t ran s i t i on p o i n t  

( T P S O C H ,  5 6 )  f or r ounding was  4 S  m inut e s . By a s im i l a r 

a naly s i s , the TP5 0 C H  f o r  f l ag e l l a app e ar anc e was found t o  

b e  app rox ima t e ly 5 0  minu t e s . A t rue TP 5 0 CH f o r  ap p e ar an c e  

o f  f l a g e l l a te s hap e was  d i f f i cul t to  me a s u r e  in en fl ag e l 
l at in g  s us p ens i ons o f  the  axen i c a l ly grown c e l l s  due t o  

t he var i ab l e  a n d  l ow p r o p o r t i on o f  c e l l s  acqui r in g  tha t 

s hap e ( Fi g . 6 and F i g . 1 7 ) . The add i t i on o f  cyc l oheximi d e  

a t  6 0 m inut e s  p r event e d  conve r s i on to  f l a g e l l a t e s h a p e  b u t  

a l l owe d c onver s ion o f  9 5 %  o f  the ameb a e  t o  r ound c e l l s  

( n e a r l y a l l  w i th f l ag e l l a ) b y  1 0 0  minu t e s . Addi t i on a t  7 5  

m inut e s  and 8 5  m i nut e s  a l l o w e d  an in cr e a s in g p r op o r t i on o f  

c e l l s t o  as sum e the f l ag e l l a t e  shap e and concur r e n t l y  l e s s  

o f  a n  " o v e r s h o o t "  w a s  ob s e rv e d  i n  t h e  p e r c en t a g e  o f  ce l l s  
r ound i ng i n  8 S - m i nu t e  t r e a t e d  cu l tu r e s  ( F i g . 1 7 ) . 

G r owth o f  Na e g l e r i a  f owl e r i  nN6 8 was  r e t a r d e d  by 1 v g  

c y c l ohex im ide /ml o r  1 5 � g  a c t inomy c i n  D/m l  and markedly  
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F i gu r e  1 4 .  Ef f e c t s  o f  d i f fe r en t  concentrat i ons o f  cyc l o -

hex imide  and a c t inomy c i n  D up on g r owth o f  

Na e g l e r i a  g rub e r i  N E G - M  in M 7  me dium . 

Na e g l e r i a  g rub e r i  NEG - M  a m e b a e  we r e  ino cul a t e d  a t  

2 x 1 0 5 ameb ae p e r  1 0  ml cul ture in M7 medium w i th 8 %  
( v/ v) d i a l y z e d  c al f  s e rum and incub a te d  a t  3 2 ° C .  Cul tu r e s  

c on t a ine d :  n o  drug ( ) , I l1 g /ml o f . a c t in omyc i n  D (<» o r  

cyc l oheximi de (�) , o r  5 l1 g /ml  o f  a c t in omy c i n D ([J) o r  

c y c l ohex imi de (0) . Gr O\vth was m o n i t o r e d  by Coul  t e r  

c oun t i ng s amp l e s  a s  de s c r ib e d .  in  Ma t e r i a l s  and Me thods . 

E a c h  d a t um i s  the ave r a g e  from two exp e r iment s .  
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F i gure  1 5 :  Ef f e c t  o f  d i f fe r ent  c oncen t ra t i on s  o f  cyc l o 

heximide up on en f l ag e l l a t i on o f  Nae gl e r i a  

g rub e r i  NE G - t-'l . 

N .  grub e r i  NE G - N  amebae  grown a t  3 2 ° C in unag i t a t e d  

c u l ture s i n  M 7  medium f o r  7 2 hour s we r e  wa s h e d  and s u s 

p en d e d  i n  M7 bu ffer  c o n t a ining cyc l ohex imi de  a t : 0 p g /ml 

( ) ,  0 . 5 p g /m l (0) , 1 p g /ml . (�) , 2 p g/ml and  5 p g/ml . 

Th e s usp ens i ons ( 5  ml ) w e r e  ag i t a t e � a t  1 2 0  rpm at  2 5 ° C  
a n d  c e l l  s hap e chan g e s  were  mon i t o re d  a s  de s c r ib e d  for 

F i gure  1 1 . No chang e in the ameb a e  s u s p ended in  M7 buf f e r 

c on t a i n ing cyc l ohex im i de a t  2 o r  5 p g /m l  wa s d e t e c t e d . 

Th e d a t a  a r e  the average  o f  two exp e r imen t s . Round c e l l s , 

:' main  g r aph ; f l ag el l a t e - shap e d  c e l l s , ins e t . 



8 0  

% 

2 0  4 0  6 0  8 0  1 0 0 1 2 0 

T I M E ( m i n )  



9 1  

F i gure 1 6 . Ef f e c t  o f  d i f ferent  concen t ra t i ons o f  ac t i n o 

myc in D up on en f l a g e l l a t i on o f  Nae gl e r i a  

grub e ri NEG - M .  

N .  g rub e r i  NE G - M  ameb ae  we r e  grown a s  de s c r i b e d  f o r  

F i gure  I S .  Cu l ture s a t  7 0  hour s we r e  washed  and sus p e n d e d  

i n  M7 b u f f e r  a t  2 5 ° C c on t a in ing a c t i nomy c i n  D a t : 0 p g /m l 

0 . 5  pg /ml ,  1 . 0  p g /ml ,  5 p g /ml  ([]) , and 1 0  p g /ml (<» . 
Su s p en s i ons  ( 5  m l ) w e re a g i t a t e d  a t  1 2 0  rpm a t  2 5 ° C and 

e n f l ag e l l a t i on mon i to red  as de s c r ib e d  for F i g�r e  1 1 . 

Am e b ae s u s p ended i n  buffer  c ont a i n ing 0 . 5  and 1 . 0 p g /m l 

a c t inomycin  D en f l ag e l l a t e d  l ike the cont r o l s .  Cont r o l 

ame b a e  w i thout i nh i b i t o r  c onve r t e d  t o  r ound c e l l s  ( ) 

and t hen t o  f l ag e l l at e - shap e d  c e l l s  ( a s  indi c a te d . Al l 

s o l u t i ons o f  a c t inomy c in D and f l as ks conta ining s u s p e n 

s io n s  f o r  enflag e l l a t ion we r e  cove r e d  w i t h  aluminum fo i l  to 
p revent  l i ght inac t ivat i on of  the  drug . Th e data  a r e  t h e  

ave rag e o f  two e xp e r imen t s . 
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F i gure 1 7 . Ef f e c t  o f  de l ay e d  add i t ion  o f  5 p g /m l  cyc l o 

hex im i d e  up on en f l a g e l l a t i on o f  Nae g l e r i a  

grub e r i  NEG- �1 . 

Cu l tur e s  o f  N. grub e r i  NEG - M  g r own a t  3 2 ° C i n  un 

a g i t a t e d  cul tur e s  in  M7  me d ium f o r  7 2  hour s we r e  was h e d  

and susp ende d in  M 7  buffer  a t  2 5 ° C a s  de s c r ib e d  f o r  F i gu r e  

6 .  Su s p ens ions ( 5  ml ) w e r e  a g i t a t e d  a t  1 2 0  rpm a t  2 5 ° C  

a n d  mon i t o r e d  f o r  c e l l  s hape  chang e s  a s  des c r ib e d  f o r  

F i gure 1 1 .  A t  z e r o  t ime (n o en f l a g e l l a t i on s e en ) , 1 5  

m inut e s  (<» , 3 0  m inu t e s  ((») , 4 5  minut e s  (Ll) , 6 0  minut e s  

((») , 7 5  minu t e s  ([J) , and 8 5  m inu t e s (�) , cyc l ohex i m i d e  

w a s  adde d t o  s ep a r a t e  s u s p en s i on s  t o  a f in a l  concen t r a t i on 

o f  5 � g / ml and ag i t a t i on o f  the s u s p en s i ons cont inue d . The 

" p l a t e au p e rcent"  r ound c e l l s  o b s e rved i n  cul tur e s  t r e a t e d  

a t tho s e  t ime s a r e  p l o t  t e d  ( X ) a s  a funct i on o f  t ime o f  

a dd i t ion o f  cy c l oheximide  t o  g ive a n  "ons e t  o f  ins ens i t i 

v i ty" c urve ( 5 6 ) . Con t r o l  amebae  w i thout add i t i on s  c o n 

ve r t e d  t o  r ound c e l l s  ( ) and then f l ag el l a t e - s h ap e d  c e l l s 

(�) a s  ind i c a t e d . Da t a  are  the ave r a g e  o f  two inde p e n d e n t  

exp e r imen t s . 
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i nh i b i t e d  by 5 p g  cyc l o hex im i d e /ml o r  2 5  p g  a c t i nomy c i n  

D/ ml ( Fi g .  1 8 ) . Cy c l oheximide  a t  0 . 5 p g /ml  and a c t i nomyc i n  

D a t  2 5  p g /ml comp l e t e ly p r ev en t e d  enf l ag e l l at i on wh en 

a dd e d  at the t im e  o f  in i t i a t i on ( F i g . 1 9 ) . De l ay e d  a dd i 

t i on s  o f  cycl ohex im i d e  p r o duc e d  qui t e  d i f f e r ent  r e s u l t s
'
in 

Na e g l e r i a  f owl e r i  than had b e en ob t a in e d  f o r  N .  grub e r i . 

Cy c l o h e x imide  added a s  l a t e  a s  6 0  minu t e s  a f t e r  sub cul tur e 

t o  ameb a s a l ine c omp l e t e ly s upp r e s s e d  the  n o rma l ons e t  o f  

e n f l a g e l l a t ion a t  2 hours  ( F i g . 2 0 ) . Cyc l oheximi de  adde d 

a ft e r  1 2 0  m inu t e s  no t only p reven t e d  c e l l s  from p r o g re s s 

ing  t o  f l ag e l l a t e s  but c aus ed r eve r s i on o f  tho s e  f l ag e l 

l a t e s  p r e s ent . Simi l a r ly , cyc l o hex imide  added  a f t e r  2 4 0  
m i nu t e s  c au s ed a more  r ap i d  r ev e r s i on o f  f l ag e l l a t e s  t o  

ameb o i d  c e l l s . 

Ac t inomy c i n  D a t  2 5  p g /m l  added  a s  l a t e  a s  6 0  m inu t e s  

a ft e r  s ub cu l ture  t o  ameba  s al ine comp l e te l y  s uppr e s s e d 

n o rm a l  ons e t  o f  enfl ag e l l a t i on (F i g . 2 1 ) . Ac t inomy c in D 

a dd e d  a t  9 0  m inu t e s  r e t arded enf l a g e l l a t i on , but th e 

n umb e r  o f  f l ag el l a t e s  c ont inue d t o  inc r e a s e  for  3 0  t o  6 0  

m inut e s thereaf t e r . Ad d i t i on a t  1 2 0  minu t e s  p r even t e d  a 

f u r t h e r  incre a s e  i n  p er c e n t a g e  o f  f l a g e l l a t e s  and addi t i on 

a ft e r  1 8 0  m inu t e s  ac c e l e ra t e d  the r a t e  a t  wh ich  e x i s t ing 

f l ag e l l at e s  r ev e r t e d  t o  ameb o i d c e l l s  (F i g . 2 1 ) . L i g h t  

m i c ro s co p i c  ob s e rvat ion  o f  en f l a g e l l a t i ng cu l tu r e s c on 

f i rm e d  t h a t  the  f l ag e l l a t e s  r eve r t e d  t o  ameb o i d  c e l l s  and 



9 6  

F i gure  1 8 . Ef fe c t s  o f  cyc l ohex im i de and a c t inomy c i n  D 

up on g rowth o f  Na eg l e r i a  fowl e r i  nN6 8 i n  Ne l s on 

medium .  

Amebae  o f  N .  f owl e r i  nN6 8 we r e  g rown a t  3 7 ° C  i n  un 

ag i t at e d  cul tur e s  i n  Ne l s on med ium i n  the p r e s e n c e  o r  ab 

s en c e  o f  cycl oheximide  (p ane l A)  o r  a c t inomyc i n  D (pane l B ) . 

Concent r a t e d  cycl ohex im ide  s t ock s o lut i on was added a t  f in a l  

c on c e n t r a t i ons o f  0 . 5 (<» , 1 . 0  (�) , and 5 . 0 p g /m l  ([]) t o  

g row ing cul tur e s  a t  2 0  hour s ; o the r cu l tures  w e r e  t r e a t e d  

w i t h  e qu ivalent  alnount s  o f  Page  s a l ine  (�) . . Ac t inomyc i n 

D a t  c on c en t r a t i on s  o f  1 0  (») , I S  (<:» , o r  2 S p g /ml (�) 
H a s  inc luded in  the g rowth med i um a t  t ime o f  i nocul a t i on . 

Un t r e a t ed contr o l s r e c e ived  e qui va l ent amoun t s  o f  P a g e  

s a l in e  ( ) .  Ac t in omyc in D f l as ks we r e  cove r e d  w i th 

. �  a l uminum fo i l . Ce l l  c oun t s  we r e  pe rformed as d e s c r ib e d  

i n  Ma t e r i a l s and Me tho d s . 
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F i gure 1 9 . Effect  o f  d i f f e r en t  concen t r a t i on s  o f  cyc l o 

hex im i d e  and a c t inomycin  D up on enfl age l l a t i on 

o f  Na eg l e r i a  f owl e r i  nN6 8 . 

Amebae  o f  Na e g l e r i a  fow l e r i  nN6 8 we r e  g row'TI at 3 7 ° C 

i n  unag i t a t e d  cul ture s i n  Ne l s on medium . Ameb ae from c u l 

tur e s  a t  9 2  hours we r e  washe d , then s u s p ended i n  a s ma l l  

v o l ume o f  ameb a s a l in e  a t  3 7 ° C and d i lute d into  a l i quo t s  

o f  ameb a  s a l ine contain ing s u f fi c i en t  amoun t s  o f  inh i b i t o r  

t o  g ive t he des i re d  f i na l  concen t r at i ons o f  drug and a 

c e l l  dens i ty o f  2 x 1 0
5 

ameb ae/ml . En f l a g e l l a t i on w a s  

mon i t o re d  a s  d e s cr i b e d  for F i gure 9 .  

Pane l A .  Cy c l ohex imide  a t  0 . 1 C(») , 0 . 2 5  C\7) , and 

0 . 5 ll g /ml CO) was p r e s en t  in the enf l a g e l -

l at ing s u s p en s ions . Un t r e a t e d  contr o l  C ) . 

Pane l B .  Ac t inomy c in D a t  5 C[]) , 1 0  C(») , 1 5  C<:» , 
a nd 2 5  ll g /m l  C�) w a s  p r e s ent i n  enf l a g e l -

l at ing s us p en s ions � Un t r e a t e d  contro l C ) . 

Al l f l a s k s  we r e  c ove r e d  w i th a l uminum fo i l . 

Ma x i mum c o n t r o l  enf l ag e l l at i on wa s 3 6 % .  Va lue s p l ci t t e d  

a r e  t h e  p e rcen t a g e s  o f  the max imum c o n t r o l  value  and a r e  

t he averag e s  o f  t w o  r ep l i c a t e  f l a s ks p e r  p o i n t . 
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F i gu r e  2 0 .  E f f e c t  o f  d e l ayed  a dd i t i o n  o f  cyc l ohexim i d e  

up on en f l a g e l l a t i on o f  Nae g l e r i a  fowl e r i  nN6 8 . 

Na e g l e r i a  f owl e r i  nN6 8 amebae w e r e  g rown in unag i t a t e d  

c u l ture s a t  3 7 ° C  i n  Ne l s on med ium .  Ameb a e  from cul tur e s  a t  

9 4  hou rs we r e  wa s he d ,  conce n t r a t e d  b y  s us p ens ion  i n  a sma l l  

v o l ume o f  ameb a s a l ine  a t  3 7 ° C  and i mme d i a t e ly di l u t e d  i n t o  

f l a s k s  containing ame b a  s a l ine to  g ive 2 x 1 0 5 ameb ae /m I . 

Two f l a s ks c ont a in e d  a f in a l  concent r a t i on o f  0 . 5 � g /m l  

cyc l oh eximide  a t  z e r o  t ime . Add i t i on a l  f l a s ks w e r e  t r e a t e d  

'v i th c o n c ent r a t e d  cyc lohexim i de s to ck s o lu t i on t o  g iv e  a 

f in a l  c oncentra t i on o f  0 . 5  � g /ml a t  the t ime s i nd i c a t e d .  

F l a sks  t r e a t e d  w i t h  an e qu iva l e n t  amoun t  o f  ame b a s al i n e  

a t  z e r o'
"
- t ime C.) o r  g iven no addi t i on a l  t r e a tment e n 

f l a g e l l at e d  e qua l l y  we l l . En fl ag e l l a t i on was mon i t o r e d 

a s  d e s c r i b e d  for  F i gure 9 .  The maximum p e rcent  f l ag e l l a t e s 

s co r e d  i n  contro l f l a s ks was  5 0 % .  - Va l u e s  p l o t t e d  a r e  p e r 

c e n t a g e s  o f  the max imum c ont r o l  value  and are  the ave r a g e  

from t wo i de n t i c a l l y  t r e a t e d  f l a s k s p e r  t im e  p oint . No 

f l ag e l l a t e s  've r e  ob s e rved  in f l a s k s t r e a t e d  at z e ro t ime , 

3 0  minut e s  o r  6 0  m inu t e s  a f t e r ini t i a t i on . 
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F i gure  2 1 .  Ef fe c t o f  de l ayed addi t i on o f  a c t inomyc in D 

up on e n f l ag e l l at i on o f  Nae gl e r i a  fowl e r i n N6 8 . 

Ameb ae o f  N .  fmvl e r i nN6 8 w e r e  grown , wa she d , sus 

p end e d  and d i s t r ibute d t o  s haking s us p en s i ons at  4 x 1 0 5  
ame b a e /ml a s  d e s cr i b e d  for  F i gure 2 0 .  Two f l a s ks c on 

t a i ned a c t inomyc in D a t  a f i n a l  concen t ra t i on o f  2 S  � g/ml  

in  the  s u s p ens i on  a t  z e r o  t ime . Add i t i onal  pairs  of  

f l a s k s  were  t r e a te d  w i th conc en t r a t e d  a c t i nomyc in D s t o ck 

s o lu t i on t o  g ive a conc en t r a t i on o f  2 5  � g /ml a t  the t im e s  

i n d i c a t e d . F l a s k s  t r e a t e d  w i th equ iva l en t  amoun t s  o f  

ame b a - s al ine a t  z e r o t ime ( ) o r  g iven n o  add i t i on a l  

t re a tment enf l ag e l l a t e d  e qu a l l y  we l l . Al l f l a s k s  we r e  

c ov e r e d w ith  a l um inum fo i l  throughout enf l ag e l l a t i on 

e x c e p t  an a dd i t i onal p ai r  o f  unt r e a t e d  contro l s  wh i ch 

e n f l ag e l l at e d  l i ke the cove r e d  c o n t r o l s .  Enf l a g e l l a t i on 

w a s  mon i t o r e d  a s  i n  F i gur e  9 .  The max imum p e rcent  f l ag e l 

l a t e s s c o r e d i n  cont r o l  f l a s ks was 4 9 % .  Va lue s p l o t t e d  

a r e  p e rc ent ag e s  o f  the  max i mum c o n t r o l  value  and ar e the 

ave rage  o b t a ined  f r om two iden t i c a l ly t r e a t e d  f l a s k s  p e r  

t ime p o in t . No f l ag e l l a t e s  we r e  ob s e rve d i n  f l a s k s  

t re at e d  a t  z e r o  t ime  o r  3 0  minut e s a f t e r  ini t i a t i on . 
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t h a t  n e i ther  i nh i b i t o r  c aus e d  lys i s  o f  the  di f f e r e n t i a t i n g  

c e l l s  a t  t h e  c oncen t r a t i on s  us ed . 

S e v e r a l  a dd i t i onal  fac t o r s  that coul d affe c t  e n f l a -

g e l l a t i on o f  N .  fowl e r i  w e r e  examine d .  The numb e r  o f  

r i n s e s  w i th ameb a s a l in e  (f rom 2 t o  5 )  (n o t  shown ) , no r 

the  v o l ume o f the  r in s e s  ( 2 . 5 ml  t o  2 0  m l )  mark e d l y  

a l t e r e d  e i the r the y i e l d  o f  f lag e l l at e s  o r  the r a t e  o f  

f l ag e l l at e  format i on .  De l ay s  b e tween ri.n s ing a n d  s u s p en 

s i o n  o f  c e l l s  in ameba  s a l in e  a dve r s e ly a f f e c t e d  t h e  y i e l d  

and  r a t e  o f  enfl ag e l l a t i o n  o f  N .  f ow l e r i . N .  fow l e r i  

c ou l d  b e  concen t r a t e d  b y  re l e as ing ameb a e  from s eve r a l  

f l as ks i n t o  smal l vo lume s o f  ameba s a l ine b y  ch i l l ing the 

c u l ture s at 5 ° C f o r  1 0  m inut e s . The ameb a e  cou l d  b e  

p ip e t t e d  v i g o rous ly and d i s p e r s e d b y  vi g o rous  ag i t a t i on 

u s ing a vor tex mixe r w i thout adve r s e ly a f fe c t i ng the i r  

c ap a c i ty t o  en f l ag e l l a te . Th e extent  o f  e n f l ag e l l a t i on b y  

s t r a i n  nN6 8 w a s  s up p r e s s ed a t  p opu l a t i on dens i t i e s  g r e a t e r  

t han 5 x 1 0
5 ameb ae/mI . Po pu l a t i o n  dens i t i e s  o f  l e s s  than 

2 x l O S amebae /ml en f l ag e l l at e d  to approx ima t e l y  the s ame 

e x t e n t  ( Fi g . 2 2 ) . Po pul a t i on den s i ty did not appe ar t o  

a ffe c t  the t im e  o f  f i r s t f l ag e l l a t e  app e a r ance n o r  the  

t ime at  wh i ch the max imum p e r c e n t a g e  of  f l a g e l l a t e s  was  

o b s e rv e d  excep t fo r c e l l s  at  the l owe s t  two dens i t i e s  

wh i c h  w e r e  l e s s s ynchronous i n  en f l a g e l l a t ing ( F i g . 2 2 ) . 

Th e c ap ab i l i ty o f  en f l ag e l l a t i ng N .  fow l e r i  ameb a e  t o  

i n c o rp o r a t e  s e l e c t e d  r a d i onuc l i d e s  dur ing i ncub a t i on i n  



1 0 5 

F i gure 2 2 . Ef f e c t  o f  popu l a t i on den s i ty up on e n f l ag e l l a t i on 

o f  Na e g l e r i a  f owl e r i  n N6 8 . 

N .  f owl e r i  nN6 8 were  g rown in unag i t a t e d  cul tur e s  a t  

3 7 ° C  i n  Ne l s on m e d i um .  Am eb ae f rom cul tur e s  a t  9 6  hours  

were  washed  twice  w i t h  ameb a  s a l ine  and s u s p ende d in  a 

s ing l e  a l iquo t o f  ame b a  s a l ine a t  3 7 ° C  t o  g ive a conc e n 

t ra t e  dens i ty o f  1 . 1 x 1 0
7 

ameb a e/mI . ' Se r i a l di lut i on s  

o f  the  s u s p ens ion into  ame b a  s a l ine b l anks a t  3 7 ° C  w e r e  

m a d e , the di lut i on s  t rans ferred  t o  t i s s ue cu l ture  f l a s k s  

a n d  t h en s haken a t  3 7 ° C .  Ce l l  dens i t i e s  o f  the s us p en -

s i o n s  w e r e  a s c e r t a ined  by count ing s amp l e s  o f  e a ch d i l ut i on 

a s  de s c r i b e d  i n  Mat e r i a l s an d Me tho ds . En f l ag e l l a t i on w a s  

m o n i t o r e d  a s  d e s c r ib e d  f o r  Fi gur e  9 .  Max imum e n f l a g e l l a -

t i o n  s c o r e d  dur ing 6 hour s i n  e ach o f  the  s us p ens ions  i s  

� p l o t t e d  r e l a t iv e  t o  that  ach i eved b y  c e l l s  at 6 . 8 x 1 0
4 

ameb ae /m l , 4 0 %  (a s s igned a s  1 0 0 % ) . In s e t , kine t i c s  o f  

e n f l ag e l l a t i on f o r  s u s p en s ions  a t  the dens i t i e s  ind i c a t e d  

b y  t h e  s ymb o l s . 
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ame b a  s al ine f o r  4 hour s a t  3 7 ° C wa s a s s e s s e d . Ade n i n e , 

l euc ine , meth i onine , and inorgan i c  phospha t e  we r e  i nc o r -

p o ra t e d  into  t r i ch l o r oac e t i c  a c i d  p r e c i p i t ab l e  ma t e r i al 

3 2 
( Tab l e  8 ) . Mo s t ,  but  no t a l l , o f  the P l ab e l  was 

s o lub l e  in hot 5 %  TCA . Li t t l e , i f  any , r a d i o ac t ivi ty was 

i nc o r p o r a t e d  i n t o  t r i ch l o ro ace t i c  ac i d  p r e c i p i t ab l e  ma 

t e r i a l  dur ing a 4 - hour p e r i o d  when r
1 4

C ] - g luco s e  o r  r 3 H] 
t hym i d ine was  s uppl i e d  t o  the enf l ag e l l a t ing  c e l l s . 

I n c o rp o r a t i on o f  
3 S

S -m e t h i on in e  into enf l a g e l l a t in g  ameb a e  

w a s  a t  l e as t  2 0 - f o l d  l e s s  than t h a t  a ch i eved  in ameb a e  

g r owin g in Ne l s on med ium (Tab l e  9 )  and r emained l ow even 

when a 4 - to  1 0 - f o l d  incre a s e  in conc en tr a t i on of rad i o -

l ab e l  'vas  u s e d . However , l ong exp o s u r e  auto radi o g r ams o f  

f l ag e l l a t e s  r a di o l ab e l e d  dur ing d i fferen t i a t i on d emon 

s t r a t e d  w i de s p read  d i s t r ibu t i on o f  [ 3 S
S ] - meth i on i n e  among 

t h e  s everal  hund r e d  p o lypep t i d e s  r e s o lve d by two - d imen -

s i ona l e l ec t r opho re s i s  ( Fi g . 2 3 ) . 

Au t o rad i o gr ams o f  f l ag e l l at e s  radi o l ab e l e d  wi th  

i n o r g an i c  pho s ph a t e  dur ing d i fferen t i at i on a l s o  s howe d  

i n c o rp o rat i on i n t o  a var i e ty o f  p o lypep t i de s  ( F i g . 2 4 ) . 

S ome o f  the [
3 2

P J - l ab e l e d p o lyp ep t i de s  coul d b e  i den t i f i e d  

w i th 
3 S

S - l ab e l ed po lypep t i de s b y  mat ching  t h e  p a t t e rn s  but  

m any of  t h e  [ 3 2 P J - l ab e l ed p o lypep t i d e s  d i d  n o t  app e ar t o  

c o - m i g r a t e  w i t h  
3 S

S - l ab e l . 

A m o rpho l o g i c a l  s tudy o f  the even t s  o c cu r r i n g  dur ing 

t he e n f l age l l a t i on of  Na eg l e r i a  f ow l e r i  w a s  done . 



Tab l e  8 

I nco rp o ra t i on o f  Se l e c t e d  Rad i o l ab e l e d Pr e cur s o r s i n t o 

Ma c r omo l e cu l e s  o f  En f l a g e l l a t i n g  Na e g l e r i a  fow l e r i  

Pr e curs o r Input ( ).I e i / ml )  

6 . 7 

7 . 4 

I . a 
n c o rp o ra t l on 

4 . 0  x 1 0  
4 

3 . 6  x 1 0
4 

[ 8 -
l 4

C J - aden ine 

[ U _
1 4

C J - l e uc ine 

[ 3 5
S J - me t h i on ine ( 1  ) 5 4  ( 1 )  5 . 7  x 1 0

4 
( 0 . 2 l ) b 

( 2 ) 2 a a ( 2 ) 2 . 8  x 1 0
5 

( 1 . 2 8 )  

[ 3 2 P J - ino r g an i c p ho s p ha t e  1 1 3  1 .  7 x 1 0  
5 

� .  fow l e r i  ameb a e  f r om s t a t i onary p h a s e c u l t ur e s
5

we r e r i ns e d  an d 
s us p ended i n  ame b a  s a l i n e  a t  a dens i ty o f  5 x 1 0  ame b a e / m l  and 
s h aken at 3 7 ° C .  Th e ind i c a t e d  rad i o l ab e l e d  p r e cur s o r s  (w i th 
s p e c i f i c  a c t i v i t i e s  o f  4 1  C i / mo l e  f o r  ade n i ne , � t O  C i / mo 1 e  fo r 
l euc ine , and 1 0 9 5  C i / mmo 1 e  fo r me t h i onine ; th e  P i  w a s  c a r r i e r 
f r e e )  w e r e  added  a t  t ime o f  s u s p en s i on . Inc o rp o r a t i on o f  p re 
c u r s o r s  i n t o  t r i c h l o r o a c e t i c  a c i d  ins o l ub l e  mate r i a l  was me a s ur e d  
a s  d e s c r ib e d  i n  Ma t e r i a l s  and Me tho ds . 

a C o un t s p e r  minu t e  p e r  1 0
6 

c e l l s , i nc o rp o r a t e d  dur i ng 4 h o f  
e n f l ag e 1 l at i on ,  c o r re c t e d  fo r b a ckg round . 

b Numb e r 7 i n  p a r e n t h e s e s  a r e p i como l e s [
3 5

S ] - me t h i o n i ne i n c o r p o r a t e d  
p e r  1 0  c e l l s  p e r  4 h ( c omp a r e  t o  Tab l e  9 ) .  

y 

I-' 
0 
00 



Tab l e  9 

In c o r p o r a t i on o f  [ 3 S
S ] - Me t h i on i n e  i n t o  Na e g l e r i a  

f ow l e r i  nN6 8 Du r in g  G r ow th i n  Ne l s on Me d i um 

Exp e r im e n t  In p u t  La b e l  ( � C i / m l ) Lab e l  P e r i o d  (h ) 

I n c o rp o r a t i on 

pmo l e / l 0 7 C e l l s  

I 

2 

3 5  6 

2 0  5 

N .  fow1 e r i  n N 6 8 ame b a e  g r ow in g  i n  una g i t a t e d
3
�u l t u r e s  i n  Ne l s on 

me d ium a t  3 7 ° C  w e re l ab e l e d b y  a d d i t i on o f  [ S ] - me th i o n i n e  
( 1 0 9 5 . 1  C i / mmo 1 e , Ne w En g l and Nu c l e a r )  t o  g r ow ing cu l tur e s  a t  
t h e i n d i c a t e d  f in a l  a c t i v i ty c o n c en t r a t i on s . I n c o r p o r a t i on o f  
r a d i o a c t i v i ty i n t o  t r i c h l o r o a c e t i c  a c i d  p r e c i p i t ab l e  ma t e r i a l  
w a s  m e a s u r e d  a s  d e s c r i b e d  i n  Ma t e r i a l s  3� d Me t h o d s . I n c o rp o r a 
t i o n  i s  ex p r e s 1 e d  a s  t h e  p i c omo l e s  o f  [ S ] - me th i o n i n e  i n c o r 
p o r a t e d  p e r  1 0  ame b a e  du r i n g  t h e  l ab e l  p e r i o d , c o r r e c t e d  fo r 
b a c k g r o und . 

4 . 9 4 

2 . 6 8 ...... 
o 
� 



1 1 0  

F - 2 3  A d - f 1 h - d [
3 5

S ] _ 1 9u r e  . u t o r a  l o g r am 0 n e w  y synt e S l z e 

methionine - l ab e l e d  p o lypep t i de s  i n  f l a g e l l a t e s  

o f  N .  fowl e r i .  

Th e p r o t e i ns we r e  l ab e l e d  w i th [
3 5

S] - me th i on i n e  dur ing 

d i ffe r ent i a t ion i n  n on - nut r i en t  buffer , p r e p a r e d  and r e -

s o lv e d  by two - d imen s i ona l e l e c t r opho re s i s  as d e s c r i b e d  

i n  Mat e r i a l s and Me thods . 
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F i gure  2 4 . Au t o r ad i o g ram o f  p o ly p ep t i de s  o f  f l a ge l l a t e s  

3 2  o f  Na eg l e r i a  f owl e r i  l ab e l e d w i t h  [ P ] - o r th o -

pho s phate  dur ing en f l ag e l l a t i on . 

N .  fowl e r i  ameb a e  were  grown a t  3 7 ° C in unag i t a t e d  cul -

tur e s  in Ne l s on med ium . St a t i on a ry pha s e  cul tur e s  a t  7 5  

hours  were  was he d w i th ameb a s a l ine conta ining 2 mM MOP S 

(mo rph o l i nopropane s u l fon i c  a c i d )  buffer  in  p l ace  o f  pho s 

p ha t e  b u f fe r . Am eb a e  we r e  s u s p ended  in  MOP S - bu f f e r e d  ame b a  

s al ine a t  3 7 ° C c on t a ining  5 0 0  � C i / ml [
3 2

P ] - o rthopho s p ha t e . 

En f l ag e l l a t i on wa s c a r r i e d  out a t  3 7 ° C a g i t a t ing a t  1 8 0  rpm . 

Samp l e s o f  f l ag e l l a t e s  we r e  wa s h e d  in  c o l d  ameb a s a l i n e  w i th 

p h o s p h a t e  and p r ep ar e d  for  e l e c t ropho re s i s  as  des c r ib e d  in 

Ma t e r i a l s and Me thods . Th e s amp l e  cont a i ning 2 3 5 , 0 0 0  cpm 

was subj e c t e d  to two - dim en s i onal  e l e c t r opho re s i s  and a u t o -

r a d i og r aphy a s  d e s c r i b e d  in Ma t e r i a l s  and Me thods . 
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A n o n - e n f l ag e l l a t ing s t r a i n  was  al s o  s tu d i e d  t o  d e t e rmine  

i f  i t  was  arre s t e d  a t  s ome mo rpho l o g i c a l l y  i den t i f i ab l e  

s t a g e  o f  enfl age l l a t i on and t o  a i d  i n  d i s t ingui shing  

e ffe c t s  r e s ul t ing from nut r i t i on a l  dep r iva t i on from tho s e  

p e r t a in ing mo re  d i r e c t ly t o  the morpho g enes i s  ( 1 0 6 ) . 

Am e b a e  o f  � . fowl e r i  n N6 8  and NF 6 9  w e r e  g rown and 

s t imu l a t e d  to enf l ag e l l a t e  by was h ing and s u s p e n s i o n  in 

n on - nut r i ent  ameb a s a l in e . Und e r  the op t im i z e d  c on d i 

t i ons , N .  f ow l e r i  nN6 8 amebae  b e g an t o  enf l a g e l l a t e  a t  

a p p r ox imat e ly 1 2 0  minu t e s after  t r ans f e r , and a y i e l d  of  

6 5 % t o  7 0 %  t rans formed c e l l s  wa s ach i eved  in  the s ub s e 

quent  6 0  m i nu t e s  (Fi g . 2 5 ) . Und e r  t ho s e  condi t i ons , N .  

f ow1 e r i  NF6 9 ameb ae  d i d  n o t  b e c ome mob i l e  f l ag e l l a t e s  nor  

did  they as sume the  e l o ng a t e d  fl a g e l l at e  b o dy s hap e (F i g . 

2 5 ) .  

E l e c tr on m i c r o s c o p i c  examina t i on o f  N .  fow1 e r i  c o n 

f i rme d that i t  i s  a t yp ic a l  euc aryo t i c  p r o t i s t . Numerous  

memb rane - b ound cy t op l a sm i c  vacuo l e s  were  obs e rved in  b o th 

s t r a i ns ; the s e  vacuo l e s conta in ed  a var i e ty o f  ma t e r i a l s , 

i n c lud ing memb ranous s t ruc tur e s , agg r e g at e s  o f  e l e c t ron 

d en s e  f ibr i l l ar  ma t e r i a l  and l o o s e ly arran g ed , l i ght l y  

s t a i n e d  f ib r i l l a r  ma t e r i a l ( F i g . 2 6  and 2 7 ) . Af t e r  sub 

c u l ture t o  Pa g e  s a l ine , the numb e r  o f  vacuo l e s  d e c r e a s e d  

w i th i n  2 h o u r s  i n  t h e  enflag e l l a t ing s tr a in nN6 8 ( F i g . 2 8  
a n d  2 9 ) . Th e p r o g re s s iv e  l o s s  o f  vacuo l e s  was s omewh a t  

s l ow e r  i n  the  non - en f l ag e l l a t ing  s t r a i n  NF 6 9  ( F i g . 3 0 ) . 
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Concom i t ant w i th the ob s e rved d e c r e a s e i n  numb e r  o f  

v acuo l e s  i n  the  ameb ae , an inc r e a s e in the amoun t o f  

m emb ranou s  s t ructures  and a g g r e g a t e d  e l e c t r on - dens e 

f ibr i l l a r  mat e r i a l  was no t e d  in the cul ture  med ium . 

Th r e e  typ e s  o f  i nc lu s i ons \ve r e  ob s e rv e d  wi thin  th e 

c y t o p l asm o f  N .  fowl e r i . F i r s t , sma l l e l e c t r on - den s e  

p ar t i c l e s  app roxima t e ly 8 3  nm in d i ame t e r  were  p r e s en t  

i n  b o th enfl ag e l l a t ing and non - enf l a g e l l a t i ng s tr a i n s , 

i nc luding mature f l ag e l l a te s ( F i g . 2 6 - 3 0 ) ; when v i ew e d  

a t  h igh magn i f i c a t i on t h e y  app e a r e d  t o  b e  membrane b ound . 

S e c ond , nume rous e l e c tron- t r an s lucent  drop l e t s app r o x i 

m a t e l y  5 0 0  nm i n  d i ame t e r , no t l im i t e d  by a memb r ane , we re 

o b s e rved in  a l l  s t a g e s of the en f l ag e l l at ing s t r a i n  ( F i g . 

2 6 ,  2 8 ,  and 2 9 )  bu t w e r e  n o t  s e en i n  the non - enfl ag e l l a t ing 

v a r i ant  ( Fi g . 2 7  and 3 0 ) . Th e numb e r  and morpho l o gy o f  

t h e  drop l e t s  r emained r e l a t ive l y  cons t an t  i n  a l l  s t a g e s o f  

e n fl ag e l l a t i on . An d  t h i r d , o ther  inc lus i ons cons is t e d  o f  

l ar g e , dens e membr ane - b ound g r anu l e s  appr o x ima t e l y  1 . 7 � m  

i n  d i ameter . Th e l a t t e r  were s e en in the enf l ag e l 1 a t ing  

s t r a in nN6 8 f o r  up to  6 0  minu t e s  after  t r ans fer  t o  P a g e  

s al ine  ( Fi g . 2 6 ) . Th e s e  s truc tur e s  we r e  no t ob s e rv e d  in 

t he n on - e n f 1 ag e 1 1 a t ing  s tr a in NF6 9 ( F i g . 2 7  and 3 0 ) . 

Rough endop l as m i c  r e t i cu lum and f r e e  r ib o s ome s w e r e  

r e co gn i z e d in  b o th s t r a ins ( F ig . 2 8  and 3 1 ) . App a r e n t ly 

s phe r i c a l  o r  s ph e r o idal  m i t o chond r i a  we r e  o b s e rved in  the 



1 1 6 

F i gure 2 5 .  Time c our s e  o f  en f l ag e l l a t i on in N .  fowl e r i . 

Amebae  o f  the  en f l ag e l l at ing s t rain  nN6 8 ctt)  and th e 

n on - e n fl ag e l l a t ing var i an t  NF6 9 c�) we r e  s haken in  Pag e  

s al i n e  a t  4 2 ° C .  Th e p roport i on o f  e l ong ated  f l a g e l l a t e d  

c e l l s  was de t e rmined  b y  l i gh t  m i c r o s cop i c  examina t i o n  o f  

f ixe d s amp l e s . 



1 1 7  

80 

70 
-
� 0 -

60 (f) ...J ...J W 50 u 
0 
w 40 a. 
� :J: 30 (f) 
W 
t- 20 � ...J ...J W 10  C> � # ...J :",'" 

Lr... 0 

2 3 4 5 6 
HOU R S  AFTER SUS P E N S I O N 



1 1 8  

F i gure 2 6 . Ul t r a s t ructure  o f  an ameb a o f  N .  fowl e r i  

nN6 8 g r o�� in Ne l s on med ium and f i x e d  imme 

d i a t e ly a f t e r  t r ans f e r  t o  Pag e  s a l ine . 

N ,  nuc l eus ; V ,  vacuo l e ; TD , t rans lucent  drop l e t ; 

D G , dens e g r anu l e . Sc al e marke r : 1 �m . 

F i gure 2 7 .  Ultras truc ture o f  an ameba  o f  N .  fow l e r i  

NF6 9 g r own i n  Ne l s on me dium and fixed  imme 

d i at e ly a f t e r  t r ans fer t o  Pa g e  s a l ine . 

N ,  nuc l e us ; NL , nuc l e o lus ; V ,  vacuo l e . Sc a l e  marke r : 

1 vm .  
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F i gure 2 8 .  Ul t r a s t ruc ture  o f  an ameb a o f  N .  f ow l e r i  

nN6 8 a f t e r  1 2 0  minu t e s  o f  incub a t i on in 

Pag e  s a l i ne . 

RER,  r ough endop l a sm i c  r e t i culum ; DP , dens e p a r t i c l e .  

Se e F i gure 2 9  for  s ca l e  marke r .  

F i gure 2 9 .  Ul t r a s t ruc ture o f  an e l ong a t e d  f l ag e l l a t e d  

c e l l  o f  N .  fowl e r i  nN6 8 a f t e r  2 1 0  minut e s  

o f  incub a t i on i n  Pa g e  s al ine . 

B B ,  b a s a l  b o d i e s ; TD , t r an s lucent drop l e t s ; DP , den s e 

p ar t i c l e s ; N ,  nuc l eu s . Sc a l e  marke r :  1 � m . 

F i gure 3 0 . Ul t r a s t ruc ture o f  an ameb a o f  N .  fowl e r i  

NF6 9 a f t e r  2 1 0  minute s o f  incub a t i on i n  P a g e 

s a l ine . 

DP , den s e  p ar t i c l e ; V ,  vacuo l e . S e e  F i g ur e  2 9  f o r  

s c a l e  marke r .  
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c y t o p l asm o f  ameb ae ( F i g . 3 1 ) . In  con t ra s t ,  dumbb e l l 

s h ap e d  m i t o chondr i a  w e r e  p revale n t in  e l ong a t ed c e l l s  

( Fi g . 3 2  and 3 3 ) . Nu c l e i  wi th i n the ameb a e  exh ib i t e d  

a h omog eneou s nu c l e o p l asm wh i ch surround e d  a cen t r a l  d en s e  

nuc l e o lus . Ri b o s omes  we re  obs e rved  i n  a s s o c i a t i on w i th the 

o ut e r  membr ane o f  the nuc l e ar enve l op e ( F i g . 3 1 ) . 

Th e b a s al b o d i e s , r oo t l e t , and f l a g e l l a  a ro s e  qu i c k l y  

a f t e r  9 0  minu t e s  o f  incub a t i on in Pag e  s a l ine . Und e r  the 

l i ght m i c r o s cop e , it was c l ear  tha t the f l ag e l l a r app a r a tu s  

w a s  p a rt i a l ly  deve l op e d  in  amebae  b e f o r e  mo t i l i ty o r  chang e 

i n  c e l l  shap e ( Fi g . 2 5  and 3 1 ) . Th e r o o t l e t  extend e d  into  

the c e l l  p e rp end i cu l a r  t o  the  bas a l  body and the  eme r g in g 

f l ag e l lum . In i t i a l l y , the deve l o p ing r o o t l e t  was n o t  a s s o 

c i a t e d  w i th the nuc l eu s  but they b e c ame a s s o c i a t e d  s ub s e 

quen t ly a t  th e l e a d in g end o f  the e l on g a t e d  c e l l  ( F i g . 3 1  

and 3 2 ) . In e l on g a t e d  c e l l s , the roo t l e t  l ay in a fur row 

o r  g ro ove  e x tend ing the  l e n g th o f  the  nuc l eus ( F i g . 3 2 -

3 4 ) . In ob l i qu e  s e c t i ons , the roo t l e t  was s e e n  in  s e c t i on 

w i th i n the g roove o f  the  cup - s hap e d  nuc l eu s  (F i g . 3 3 ) . A 

m i tochondr i on was  u su a l l y  l o c a t e d  c l o s e  t o  the d i s t a l  end 

o f  the r o o t l e t  ( F i g . 3 2 ) . 

Th e f l ag e l l a  and b a s a l  b o d i e s  we r e  l o c a t e d  i n  a p r o 

t ub e r anc e a t  the  l e a d ing end o f  the  e l o ng a t e d c e l l ( F i g . 

2 9  and 3 2 ) . F l a g e l l a  o f  N .  fow l e r i e xh ib i t e d the  typ i c a l  

9 + 2 a rr ang e men t o f  f i l amen t s  and we r e  s u rroun d e d  b y  a 

s h e a th wh i ch w a s  c on t i nu ou s w i th the cy t o p l a s m i c memb r an e  
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F i gure 3 1 . Ul t r as t ruc ture o f  an en f l ag e l l a t ing ameb a 

o f  N .  fowl e r i  n N6 8 a f t e r  1 0 0  minu t e s  o f  i n cu 

b a t ion in Pa g e  s al ine . 

F ,  f l ag e l lum ; RT , r o o t l e t ; M ,  m i t o chondr i on , RB , 

r ib o s ome s . Othe r abb r ev i a t i ons  are  de f in e d  in the l e g ends  

t o  F i gure 26  through 2 9 .  Sc a l e  mark e r : 1 � m . 
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Fi gur e 3 2 . Th e f l ag e l l ar roo t l e t  emb edde d in the nuc l e a r 

g r o ove o f  an e l ong a t e d  c e l l o f  N . fowl e r i  

nN6 8 a f te r  2 1 0  minu t e s  o f  incub a t i on i n  Pag e 

s a l ine . 

Ab b r evi a t i on s  are  de f ined  in the l e g ends t o  F i g u r e  2 6  

t h r ough 2 9  a nd 3 1 . Se e F i gur e 3 4  for  s ca l e  marke r . 

F i gure  3 3 . Th e r o o t l e t  ne s t l e d  in the g r o ov e  o f  a cup 

s hap ed nuc l eus  o f  N .  fowl e r i  nN6 8 2 1 0  minu t e s 

a f te r  s ubcul ture t o  Pag e  s a l ine . 

S e e  F i gure 3 4  fo r s c a l e  marke r . 

F i gur e 3 4 . Th e nuc l e ar g ro ove ext end ing the l en g th o f  

the nuc l eus o f  N .  f ow l e r i  nN6 8 2 1 0  minut e s  

a f t e r  s ub cu l ture  t o  Pa g e  s al i ne . 

Ar r ows i nd i c a t e  the p roximal and d i s t a l  ends o f  the 

nuc l e a r  g ro ove . Sc a l e mark e r : 1 �m . 
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F i gure 3 5 .  Con t inu i ty o f  the ba s a l  b o dy w i t h  the f l a g e l l ar 

shaft  in N .  fowl e r i  nN6 8 2 1 0 minu t e s  aft e r  

s ub cu l ture t o  Pa g e  s a l ine . 

Numb e r s  ind i c a t e  the approx ima t e  l o c a t i ons  o f  the  

c ro s s - s e c t i ons s ho wn in Fi gure 3 6  to  3 8 . BP , bas a l  p l a t e ; 

F S ,  f l ag e l l a r  s heath ; CM , cytop l asmic  memb rane . See  F i gure  

3 9  fo r s c a l e  marke r .  

F i gure 3 6 . Cr o s s - s e c t i on o f  the s haft  o f  a f l a g e l lum 

from N .  fowl e r i nN6 8 2 1 0  minu t e s  a f t e r  s ub 

cul ture t o  Pa g e  s a l ine . 

F i gur e 3 7 . Cr o s s - s e c t i on in the v i c in i ty o f  the  bas a l  

p la t e  o f � . fowl e r i  nN6 8 2 1 0  m inu t e s  aft e r  

subcu l ture t o  Pa g e  s al ine . 

F i gure 3 8 . Cros s - s e c t i on a t  the p rox imal end o f  a b a s a l  

b o dy f rom �. fowl e r i  nN6 8 2 1 0  minu t e s  a ft e r  

s ubcul ture t o  Pa g e  s a l ine . 

Th e outer  nine t r ip l e t s  form a "p inwhe e l . "  The r e  i s  

n o  c e n t r a l  p a i r  o f  fi l ament s .  S e e  Fi gure 3 9  for  s ca l e  

mark e r  f o r F i g ur e s  3 6 - 3 8 . 

F i gure  3 9 .  Co n t inu i ty o f  the r o o t l e t  w i t h  the  b a s a l  b o d i e s  

o f  N .  fowl e r i  nN6 8 2 1 0  minu t e s  a f t e r  s ub c u l ture 

to  Pag e s a l ine . 

AM , ancho r ing rn i c ro tubu l e s  b e twe en the b a s a l  b o dy and 

t h e  r o o t l e t . Sc a l e  marke r : 0 . 5 � m .  



1 2 8  

3 5  

( \ 
". 

\ 
) 



1 2 9  

( F i g . 3 5  and 3 6 ) . Th e out e r  c i r c l e o f  fl ag e l l a r  doub l e t s  

,\ as  cont inuous w i th the cyl ind e r  o f  nine  t r i p l e t  f i l ament s 

wh i ch made up the b a s a l  b o dy ( F i g . 3 5 - 3 8 ) .  I n  con tras t ,  

t h e  c e n t ral  p a i r  o f  f i l amen t s  t e rm ina t e d  a t  the b as a l  p l a t e  

wh i ch wa s l o cated  a t  the j unc ture b e tween the f l ag e l lum and 

t h e  b a s a l  b o dy ( F i g . 3 5  and 3 9 ) . Group s  o f  ancho r i n g  

m i c ro tubu l e s w e r e  s e e n  around the b a s a l  b o d i e s ; s t i l l  

o ther m i c ro tubu l e s  were a l i gned a l ong the  p e r i phery o f  

e l ong a t e d  c e l l s . The r o o t l e t  wa s c onne c t e d  t o  the b a s a l  

b odi e s  b y  a n  i n t r i c a t e  s e r i e s  o f  p ar a l l e l  and t rans ve r s e  

m i cro t ubul e s  ( Fi g .  3 5  and 3 9 ) . The ro o t l e t  cons i s t e d  o f  

a l t e rnat ing l i g h t  and d ark  band s  wh i ch ex t ended  from the 

b a s al  b o d i e s  through the nuc l e ar g ro ov e  ( F i g . 32  and 3 9 ) . 

Th e w i d th o f  the l i gh t  b and was approxima t e ly 4 . 5  nm , and 

the  width  o f  the dark b and wa s approximat e ly 1 1 . 5  nm . The 

r o o t l e t  was no t enc l o s ed wi th in a memb r an e . 

Th e p o lypep t i d e s  o f  ameb a e  and f l a g e l l a t e s  o f  Nae g l e r i a  

f m.,rl e r i  nN6 8 w e r e  charac t e r i z e d and comp a r e d . Ameb a e  o f  

N .  fow l e r i  n N6 8 incorporate  r
3 5

S ] - me th i on i n e  dur ing  g r owth 

i n  Ne l s on medium ( Ta b l e  9 ) . Th e p o lypep t i de s  o f  ame b a e  

r a d i o l ab e l e d  dur ing g r owth a n d  tho s e  o f  f l a g e l l a t e s  de -

v e l op e d  from a s amp l e  o f  the s ame p r e - l ab e l e d  ameb a e  we r e  

r e s o lved  b y  two - d im en s i on a l  e l e c t r�pho r e s i s . Sev e r a l 

hundre d  p o l yp e p t i de s o f  N .  fowl e r i we r e  d e t e c t e d  i� aut o 

r a d i o grams o f  t h e s e  g e l s  ( F i g . 4 0 ) . Du r ing  the  p r o c e s s o f  

e n f l ag e l l a t i o n ,  the  c omp l ement o f  t h e  p o l y p e p t i d e s  d e t e c t e d  



1 3 0  

o n  au t o r a d i og r am s  was no t markedly a l t e r ed but  a r e l a -

t ive l y  smal l numb e r  o f  qual i t at ive and quan t i t a t i ve d i f -
, - . 

f e r en c e s w e r e  n o t e d . A c omp a r i s on o f- ,· �_the s e  di fferenc e s  t o  

t ho s e  d e t e c t e d  b e tween aut o rad i o g rams o f  ameb ae o f  non -

e n f l ag e l l a t ing s t r a in NF6 9 b e fo r e  and a f t e r  incub a t i on in 

n on - nu t r i ent c ondi t i on s  ( F i g . 4 1 )  r eve a l e d  that s ome o f  

the s e  ch ang e s  occurred  in b o th the enf l ag e l l a t ing s t r a i n  

a nd the  n on - en f l ag e l l a t ing  var i ant  a f t e r  subcul ture  t o  

n on - nu t r i ent buf fe r ,  whe r e a s  o th e r s  w e r e  o b s e rved on l y  

when ameb ae and f l a g e l l at e  preparati ons we r e  comp a r e d  

( Ta b l e  1 0 ) . Th e l a rg e s t  numb e r  o f  p o lyp ep t i de chang e s  

o b s e rved  w e r e  en fl ag el l a t i on - r e l a t e d  i nc r e a s e s . Few 

p o lyp e p t i de s  were d e t e c t e d  anew in f l a g e l l a t e s  wh i c h  had 

n o t  b e en de t e c t e d  in ameb ae . Th e r e l a t i ve c oncent r a t i on 

o f  s ome  p o lypep t i de s p ec i e s  d e c re a s e d  i n  b o th the enf l a -

g e l l a t ing and the  non - enflag e l l a t ing  s t r a i n  a ft e r  s ub cu l -

ture t o  n on - nutr i ent  bu f fe r ; a s im i l a r  numb e r  o f  d e c r e a s e s  

w e r e  s p e c i f i c  t o  the en f l ag e l l a t ing  c e l l s . E i ght  p o l y -

p ep t i d e s  d i s p l ayed  unexp e c t e d  chang e s ; they  were  p r e s e n t  

in g rowing ameb ae o f  t h e  non - en f l a g e l l a t i n g  s t r a i n  a n d  i n  

b o th s t r a i n s  a f t e r  subcul tur e t o  non - nut r i en t  buf f e r  but 

a b s ent i n  g r owing ameb a e  o f  the en f l a g e l l a t i n g  s t r a i n . 

A q uant i t a t ive ana ly s i s  o f  the  p o lype p t i d e s  d e t e c t e d  

o n  aut oradi o g r ams  o f  ameb a e  and f l ag e l l a t e s  w a s  unde r t ak en . 

Au t o r a d i o g r ap h s  w e r e  s c anne d  s y s t emat i c a l l y u s ing  a d i g i t a l  

d rum s c ann ing m i c r oden s i t ome t e r . Hi s t o g rams o f  t h e  r e c o r d e d  
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F i gure 4 0 .  Au t o r a d i o g r ams o f  r
3 5 S ] - me th i onine - l ab e 1 e d  

po lypep t i d e s  o f  ameb a e  (A ) and fl ag e l l a t e s  ( B )  

o f  Na eg 1 e r i a  fow1 e r i  n N6 8 . 

Th e p r o t e ins  w e r e  p re - l ab e l ed in ame b a e  and , a ft e r  

v ar ious  manipul a t i on s , r e s o lved b y  i s o e 1 e c t r i c  fo cus ing  

and s o d i um do decy 1 sul fat e - po lyacry l am i d e  gel  e l e c t roph o 

r e s i s  a s  d e s c r ib e d  in  the  Ma t e r i a l s  and Me tho d s . Po s i t i ons  

o f  s i z e  s t andards run i n  the  s ame g e l s  are  s hown . Qu a l i t a 

t ive chang e s  a r e  ind i c a t e d  b y  s o l i d  arrows  ( s p o t  p r e s e n t ) 

and dashed  out l in e s  ( s p o t  not  d e t e c t e d ) ; quant i t a t ive  

c h ang e s  are  ind i c a t e d  by  open a r r ows . I s  deno t e s  an in 

c r e a s e  r e l a t e d  t o  s t a rva t i on ;  I e , inc r e a s e r e l a t e d  t o  en 

f l age l l a t i on ;  Ds , d e c r e a s e  r e l a t e d  t o  s t a rvat i on ; De , de 

c r e a s e  re l a t e d  t o  en f l ag e l l a t i on ; Vs , p o lypep t i d e s  that  

v an i sh e d  only dur ing  en f l ag e l l at i on ;  Ae ? ,  p o ly p ep t i d e s  

a pp e ar ing in  f l a g e l l a t e s b u t  a r e  al s o  p r e s en t  i n  ameb ae 

o f  the non - en f l a g e l l at ing s t r a in b e f o r e  and a ft e r  incub a 

t i on i n  n on - nut r i en t  bu f fe r . Ind i c a t e d  ch ang e s  a r e e x 

amp l e s  o f  t h o s e  enume r a t e d  in Tab l e  1 0 . 



7. 0 

200 
1 3 0 

94 

68 

'""' - 4 5  
CO "'0 ..::c 

'-' 

3 0  lU 
N -
C/) 2 1  

200 
c:r::: 1 30 
q: 9 4  -J 
:::> 
() 6 8  
lU 
-J 
0 
� 4 5  

3 0  

2 1 

1 3 2  

p H  
6 . 0  

--

O� 
®" 

@ 
ve� 

t .. .. , I s  • 1 

� -.� ' ... , 
� 

cp, - ' 

<!f" 

5 .0  

� 
O s  � 

� 

� Ae? 
h. .  � !e � 

tie 
u 

� I e 

...J 



1 3 3  

Fi gure 4 1 . Au t o r ad i o g r am o f  [
3 S

S ] - me t h i onine - 1 ab e 1 e d  

p o ly p ep t i d e s  o f  ame b ae o f  Na e g 1 e r i a  fow 1 e r i  

NF6 9 dur in g  g rowth (A) and a f t e r  b e ing w a s h e d , 

s us p ended and incub a t e d  in  ameb a s a l ine a s  

de s c r ib e d  f o r  en f 1 a g e 1 1 a t i o n  o f  s train  nN6 8 

( B ) . 

Symb o l s  a re  de s c r ib e d  in  the l e g end  t o  F i gure 4 0 . 
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Tab l e  1 0  
Ch ang e s  i n  Pr e - l ab e l e d Po l y p e p t i d e s  o f  

Na e g l e r i a  fow l e r i  Upon En f l a g e l l a t i on 

Na ture o f  Ch ang e a Po lyp ep t i d e  No . b 

Qu a l i t a t i v e - ap p e a r anc e 

a .  e n f l ag . r e l a t e d  

b .  s e e f o o tn ot e e 5
f 

l 6 f 

3 5 
. 3 6  

4 1  

4 2  

4 4 

4 7  

c .  s t arva t i on r e l a t e d  1 99 
3 l

f 

4 8  

'VH c 
r 

'Vp l d 

5 8  6 . 5  

4 4  6 . 1  � 
LN 

2 6 5 . 6  
VI 

5 1  5 . 6  

6 8  5 . 4  

6 8  5 . 4 

7 1  5 . 0 

6 7 4 . 4  

3 0 6 . 1  

2 4  5 .  7 

5 3 4 . 4  

Cont inu e d  



T a b l e  1 0  ( Co n t inu e d )  

Na t u r e  o f  Ch ang e a Po lyp ep t i de No . b  ",M c "'p l d 
r 

2 • Qu a l i t a t iv e - d i s app e a r an c e 

a .  e n f l ag . r e l at e d  7 4 4  6 . 5  

9 9 0  6 . 4 

1 3 2 4  6 . 2  

1 7  3 8  6 . 2  

2 7  5 5  5 . 8  

f-' 
b .  s t a rvat i on r e l a t e d  4 2 7  6 . 6  Vol 

0-
I l  5 8  6 . 4  

l 8 g 3 0 6 . 1  

3 . Qu an t i t a t i v e i nc r e a s e 

a .  e n f l a g . r e l a t e d 1 1 1 7  7 . 1  

2 f 5 6  6 .  7 

3 5 2  6 . 5  

6
f 

4 9  6 . 5  

2 4  5 1  6 . 0  

Co n t i nu e d 



T a b l e  1 0  ( Co n t inued )  

Na t u r e  o f  Ch ang e U 
Po lypep t i de No . b 

",M c 
r 

rvp l d 

a .  e n f l ag . r e l a t e d  2 5  3 5  5 . 9  
( c o nt inu e d )  3 0  3 0  5 . 8  

3 2  8 2 5 . 6  

3 3 6 2 5 .  7 
3 8  6 5 5 . 4 

4 0  4 4  5 . 4 

4 3 f 3 8  5 . 4 ...... 
Vol 

4 5  5 4 5 . 1  -.....) 

4 6 f 3 7  4 . 4  

b .  s t arva t i on r e l a t e d  2 0  7 1  6 . 1  

2 8 f , g 4 4  5 . 8  

4 . Qu a n t i t a t i v e  De c r e a s e 

a .  e n f 1 a g . r e l a t e d  1 2  4 5 6 . 2 

1 4 7 2  6 . 1  

1 5  4 4  6 . 1  

2 1 5 5  6 . 0  

2 3  7 9  5 . 9  

2 6  3 2  5 . 8  

Con t i nued 



T a b l e  1 0  ( Cont inu e d )  

Na tu r e  o f  Ch ang e a 
Po l yp ep t i de No .

b 
""M 

c 
r 

""p I  
d 

b .  s t a rv a t i on r e l a t e d  8 3 4  6 . 4 

1 0  6 5  6 . 5  

2 2 f 4 5  6 . 0  

2 9 g 4 2  5 . 7  

3 4 4 8  5 . 6  

3 7 f 2 3  5 . 5  

3 9  6 2 5 . 5  

Th e p o l ypep t i d e s s e en in  F i gur e s  4 0 and 4 1  we r e  c omp ar e d  t o  de t e rm in e  
apparent  d i f f e r enc e s  b e tween  th o s e  chang e s  s e en b e tween ameb ae and 
f l ag e l l a t e s  o f  N .  f ow l e r i  n N6 8 and tho s e  b e tw e en ameb a e  o f  N .  fow l e r i  
N F 6 9 b e f o r e  and-a f t e r  exp o sure  t o  the  s ame non - nu t r i e n t  condi tions . 
Mo r e  than 3 0 0 v i s i b l y  de t e c t ab l e  s p o t s  we r e  comp are d . 

aA c hang e w as  r e l at e d  t o  en f l ag e l l a t i on i f  i t  o c curre d in nN6 8 but  no t 
i n  N F6 9 .  A c h ang e  w a s  r e l at e d  t o  s t arvat i on i f  i t  o ccur r e d  i n  b o th 
nN6 8 and NF 6 9 . 

b Numb e r s r e f er t o  F i gur e s  4 0  and 4 1 . No t a l l chang e s  l i s t e d  in the  
t ab l e  a r e  v i s i b l e  in pho to g r aphs  of  the au t o r a d i o g r ams .  

c
Re l a t i ve m ob i l i ty from a s t andard curve d e r i v e d  us i n g  po s i t i on s  o f  
m o l e c u l a r  s i z e  s t anda rds  run w i th e a ch g e l  i n  the s e c ond  d imens i on . 
St andards u s e d  a r e  l i s t e d  in Ma t e r i al s  and Me t ho ds . 

Cont inu e d  

I-' 
VI 
00 



T a b l e  1 0  ( Co nt inue d )  

uVa l u e s i nd i c a t e  the  r e l a t ive p o s i t i o n s  o f  s p o t s  in the p H  g r a d i e n t  
o f  the  i s o c l ec t r i c  f o cu s ing  d imen s i on a s  d e t e rm i n e d  b y  me a s u r i n g  t h e  
pH o f  s e c t i on s  o f  an i s o e 1 e c t r i c  f o c u s ing g e l  run a t  the s ame t ime 
a s  the s amp l e s  in F i gu r e  4 0 .  

e A numb er o f  s po t s  w e r e  ob s e rv e d  t o  app e a r  anew in  nN6 8 fl a g e l l a t e s  
wh i c h  we r e  p re s en t  i n  ame b a e  o f  NF 6 9  b o th b e fo r e  and a f t e r  in cub at i on 
i n  n o n - nut r i en t  c o nd i t i on s . 

fTh e change  ap p e a r s  t o  invo l v e  a chang e i n  p l . 

g Th e chang e app e a r s  t o  i nvo lve a chang e i n  Mr . 

� 
Vol 
I.D 
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i n t e g e r  dens i t y  r e adings  demons t r a t e d  b o th the uni fo rm i t y  

o f  t h e  f i lm b ackg round and the r e l a t ively  even di s t r i bu t i on 

o f  f r ame s w i th the  r ema ining dens i ty v a lu e s  ( F i g . 4 2 ) .  

Th e f i lm b ackg round p e ak was conf ine d t o  a smal l r ang e o f  

i n t e g e r  v a l ue s . I t  was  p o s s i b l e  to  s ub t r a c t  the b a c k 

g r ound m e an dens i ty ( 4 3 )  p lu s  one s t andard d ev i at i on ( 4 )  

i n  o r d e r  t o  r emove f i lm b ackg round w i thout l o s ing i n f o r -

m a t i on . Th e f a int e s t  v i sual ly  obs e rvab l e  s p o t s  ( F i g . 4 0  
and 41 ) w e r e  c omp a r e d  w i th the  corr e s p onding reg ions  in 

the  b ackground c o r r e c t ed p r in t ou t s . Spo t s  w e r e  de t e c t e d  

a t  a l ev e l  a s  l ow as 4 o r  5 in t e g e r  dens i ty un i t s  ab ove  

" 0 "  b a ck g round . By manua l  contour ing , i t  was  po s s ib l e  t o  

d i fferent i a t e  b e tween t rue s p o t s  and r andom h i gh b a c k 

g ro un d  r e ading s  for  s po t s  in the l owe r dens i ty rang e . 

Ev en the  fa inte s t  ob s e rvab l e  s p o t  app e a r e d  a s  a d i s t r i 

b u t i o n  o f  dens i ty r e ading s wh i ch could  b e  contour e d  f rom 

l owe r to h ighe r dens i ty r e ading s w i t h  a d i s t inct  c e n t r a l  

p e ak ,  \vh e r e as "n o i s e " c ou l d  n o t  b e  contoured  due t o  i t s  

r andom natur e . Th e sma l l  numbe r  o f  den s i t ome t r i c  d a t a  

p o in t s  ( f rame s )  w i t h value s a t  the upp e r  l im i t  ( 0 . 7 % 

r e l a t ive t o  the t o t a l  numb e r  o f  data  p o i n t s  hav ing v a l u e s 

ab ove b a c k g r oun d )  c onf i rme d that  the e x p o s u r e  c ho s e n 

(p roduct  o f  radi o a c t i v i ty in  b e cque r e l s  and t ime i n  s e 

c onds = 2 . 5  x l O l a 
d i s in t e g ra t i ons ) d i d  n o t  unduly exc e e d  

t h e  f i lm c ap a c i t y . Th e r a t e  o f  inc r e a s e  o f  den s i ty i n  

uni t s / day w a s  a l in e ar func t i on o f  the  s p o t i n t en s i ty 



1 4 1  

F i gure 4 2 . Fr e quency d i s t r ibut i on o f  the f i lm dens i t i e s  

i n  2 0 0  � m  s quare frame s i n  an aut o radi o g r am 
o f  a two - dimen s i on a l  g e l  s ep arat i on o f  the  

p o lypep t i d e s  o f  Na e g l e r i a  fow l e r i  nN6 8 . 

Th e p e ak r ep r e s en t i ng  b a ckg round den s ity  ( 4 3  � 4 

un i t s )  i s  unimoda l ly d i s t r ibut e d . App roximat e ly 8 5 , 0 0 0  

o u t  o f  4 2 0 , O O O . fram e s  had f i lm dens i t i e s  ab ove  b a ck g r oun d . 
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1 4 3  

F i gure 4 3 .  S i lve r - s t a ined  p o lyp ep t i de s  o f  ame b a e  o f  

N .  fowl e r i  r e s o lved b y  i s o e l e c t r i c  fo cus ing  

and  s o d ium do decyl  s u l f at e - p o ly ac ry l am i d e  g e l  

e l e c t rophore s i s . 
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( d a t a  no t s hown) . Fu rthermo r e � the d i s tr ib ut i on o f p o l y -
p e p t i d e s reve a l e d  i n  aut o r ad i og rams was s im i l a r  t o  that  

r e ve a l e d  by a s ens i t ive s i lver  s t a i n  me tho d ( F i g . 4 3 ) � 

b o th w i t h  r e s p e c t t o  p o s i t i on s  wi t h i n  the g e l  and r e l a t ive 

i n t e n s i t i e s of  the s p o t s . Comp ar i s ons o f  s p o t  intens i t ie s  

wi th in t h e l im i t s  o f f i lm c ap ac i ty the r e fo r e  c ou l d  b e  us e d  

t o  g aug e the r e l at ive amount s  o f  radi o l ab e l e d  po lyp ept i de s . 

Th e amount o f  radi o l ab e l e d  p o l yp e p t i d e  var i e d  w i de ly 

among th e i n d i v i du a l  s p o t s  (F i g . 4 4 ) . Th e fainte s t  de t e c t 

ab l e  p o l yp ep t i de s p o t  had a s um o f  6 d i g i t a l uni t s  ( 1 4 3 ) ; 

t h e  m o s t abundant  p o lyp ep t i de in  F i gur e  4 4  had a s um o f  

l 8 3 � 0 0 0  d i g i ta l uni t s . Th e amount o f  the mo s t  abundant 

r a d i o l ab e 1 ed p o l yp ep t i d e  on th i s  g e l  the r e fo r e was 2 0 � 0 0 0 -

fo l d  g re a t e r  than the  amount o f  a p o l y p ep t i d e  at th e l owe r 

l imi t o f  de t e c t i on ( F i g . 4 4 ) . By us ing s e ve r a l di ffe re n t  

e xp o sure  t imes t o  a l l ow quant i t at i on o f  mo r e  dens e and 

l e s s  d en s e  s p o t s , the rang e in po lypep t i de amount was  

5 
e x t e n d e d  t o  1 0  - fo l d . 

Th e g reate s t  num b e r  o f  r ad i o l ab e l e d  p o lyp ep t i de s i n  

ame b a  and f l ag e l l at e ex t r ac t s  h a d  mo l e c u l a r  s i z e s  in the 

r ange  of 2 0  t o  4 0  k i l o dal t on s , and the  ma j o r i ty of the 

p o l yp e p t i de s  (6 0 % ) w e r e  20  t o  60  k i l o d a l to n s  ( F i g . 4 5 ) . 
Th e l a rg e s t  amount o f  r ad i o l ab e l ed p o l yp ep t i d e  in e x t r a c t s  

o f  ame b a e  and f l ag e l l a t e s  ( 6 3 % and 4 6 % ,  r e s p e c t i ve l y ) w a s  

p re s en t  i n  s p e c i e s  o f  4 0  t o  6 0  k i l o da l t on s  ( F i g . 4 &) . 

Ab out 9 2 %  o f  the  r ad i o ac t i v i ty o f  p o l ypep t i d e s in ameb a e , 



1 4 6  

F i gure 4 4 . Fr equency d i s t r i bu t i on o f  the amoun t o f  p o l y 

p ep t i d e  f o r  indiv i du a l  s p e c i e s . Th e mo s t  abun 

dant p o lypep t i d e  i s  p r e s ent a t  an e s t imat e d  

1 0 8 mo l ecu l e s / ameba ( 5 2 , 1 3 6 , s e e  D i s cu s s i o n ) . 



o
 

co
 

o
 

w
 

1
4

7
 

o
 

v
 

S31:>3dS 3011d3dAl0d ·ON 

I; 0
 

0
 

� 0
 

ro
 

0
 

r-
-

0
 

w
 

0
 

10
 

@ 0
 

ttl
 

0
 

C\J
 

0
 

0
 

-

>-
U)

 
.... -g 
>

c
 

_
_

 
U)

 
..

.. ::J 
U

O
 

�
� 

O
c 

0
·-

�
!? 

a:
:: .-c

 
::J

 
W

_
 

O
c

 
-

-

..... 0, 
0.

. .-
W

"C
 

0.
._

 
>-

0
 

:...Je 
O

::J
 

o.
.CI)

 
-



1 4 8 

F i gure 4 5 . Di s t r ibut i o n  o f  the  numb e r  o f  p o lypep t i de 

s p ec i e s  o f  ameb a e  and f l a g e l l ate s o f  Nae g l e r i a  

fowl e r i nN6 8 b y  mo l e cu l a r  s i z e . 

Ameb a e : s haded b a r s ; f la g e l l a t e s : o p en b a r s . 
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1 5 0  

Fi gu r e  4 6 .  Di s t r ibut i on o f  the amount o f  p o lypep t i d e s  

o f  ameb ae  and f l a g e l l a t e s  o f  Nae g l e r i a  

f owl e r i
. 

nN6 8 by  mo l e cu l a r  s i z e . 

Ameb ae : s haded b ar s ; f l a g e l l at e s : o p en b a r s . 
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F i gure  4 7 .  Th e me an amount o f  p o lypep t i de p e r  s p e c i e s  

i n  amebae  and f l a ge l l a t e s  o f  Naegl e r i a  

f owl e r i  a c c o r d in g  t o  mo l e cu l a r  s i z e . 
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b u t  on ly 6 9 %  o f  that  o f  f l ag e l l a t e s , was  in the s i z e range 

o f  2 0 t o  6 0  k i l o da l t on s . On l y  6 %  o f  the p o l yp ep t i de 

r ad i o ac t iv i ty o f  ame b a e  was in the s i z e  rang e o f  6 0  t o  1 0 0 

k i l o da l t ons , whe r e a s  2 8 %  o f  that o f  f l ag e l l a t e s  was  in  

this  s i z e r ang e (Fi g .  4 6 ) . Th e me an radio a c t i v i ty p e r  

p o l yp e p t ide  s p ec i e s  i n  the mo l ecu l a r s i z e  r ang e o f  2 0 t o  

4 0  k i l o da l t on s  was  l e s s  than t h e  mean amount i n  t h e  range 

o f  4 0  to 6 0  k i l o d a l tons for  b o th ameb ae  and f l a g e l l a t e s  

( F i g . 4 7 ) . From 4 0  t o  2 0 0  k i l o da l tons , the mean amount o f  

p o lyp ep t i de t ended t o  decre a s e  w i th incre a s ing mo l e cu l a r  

s i z e  fo r b o th ameb a e  and f l ag e l l a t e s . Th e r e  wa s r e l a 

t iv e l y  a g r e a t e r  amount o f  p o lypep t i de p e r  s po t  f o r  ameb a e  

t han f o r  f l ag e l l a t e s  i n  the s i z e  r ang e o f  2 0  t o  6 0  k i l o 

da l t on s , wh e r e a s  the c onve r s e wa s t rue i n  the ran g e  o f  6 0  

t o  1 0 0  k i l o dal tons  ( F i g . 4 7 ) . 

Th e d i s t r ibut i on o f  p o lypep t i d e  s p e c i e s  a l ong  the  I EF 

d imen s i on was  s im i l ar for  ameb a e  and f l ag e l l at e s . A 

g r e a t e r  numb er o f  r ad i o l ab e l e d  p o l yp ep t i de s  in ameb a and 

f l ag e l l a t e  ex t r a c t s  had  i s o e l e c t r i c  p os i t i ons  b e tw e e n  pH 6 

a nd pH 7 than i n  mor e ac i d  p or t i ons o f  the  g e l s  ( F i g . 4 8 ) . 

Th e numb er  o f  p o l yp ep t i de s  i n  ext r a c t s  o f  b o th ameb a e  and 

f l ag e l l a t e s  d e c r e a s e d  as the pH o f  the i s o e l e c t r i c  f o cu s 

ing  g r a d i ent  d e c r e as ed . Th e amoun t o f  p o lypep t i d e  i n  

e x t r a c t s  o f  am eb ae  o r  f l ag e l l a t e s  w a s  not  mark e d l y  d i f 

f e r e n t  a t  var i ou s  p o s i t i ons in the p H  g ra d i e n t . The r e  was  

r e l a t iv e l y  a l es s e r  amount o f  p o lypep t i de i n  the  g r a d i ent  



I S S  

b e l o w  pH 6 . 3  for  f l ag e l l a t e s  than for ameb a e  (F i g . 4 9 ) . 

S i mi l ar l y , t h e r e was r e l at ive ly a l e s s e r amount o f  p o l y 

p ep t i de p e r  s po t  f o r  f l ag e l l a t e s  than f o r  ameb ae a t  p H  

v a lu e s b e l ow 6 . 3  (Fi g . 5 0 ) . 

Th e ove ral l c o r r e l a t i on for b o th ameb a e  and f l a g e l 

l a t e s  b e tween s ubun i t  charge and s i z e , us in g  the med i an 

p o lyp e p t i d e  as  the  ind i c a t o r  o f  c en t r a l  t en dency , was  tha t  

t h e  i s o e l e c t r i c  p o int incre as e d  a s  mo l e c u l a r  s i z e  i n 

c re a s e d  ( Fi g . s l a ) . Simi l a r l y , for b o th ameb a e  and f l a 

g e l l at e s , the me d i an amoun t o f  p o lypep t i d e  i n  smal l e r  

s pe c i e s  had l owe r p I  v alue s than d i d  the  med i an amount i n ·  

s pe c i e s  o f  l a rger  s i z e  ( F i g . s 1b ) . 

An an alys i s  o f  the s i z e and charg e charac t e r i s t i c s  o f  

t ho s e p o lyp ep t i d e s  i n  wh i c h  d i f f e r en c e s  w e r e  no t e d  b e twe en 

ameb a e  and fl ag e l l a t e s ( Ta b l e  1 0 )  was  done . The numb e r  o f  

p o l yp e p t i des  exh ib i t ing inc r e a s e s  o r  d e c r e a s e s  i n  amoun t 

w i th in e ach o f  th e  g en e r a l  s i z e o r  char g e  c a t e g o r i e s de l i 

n e a t e d  in the  qu ant i t a t i v e ana ly s i s  ( 2 0  t o  6 0  kd , 6 0  t o  

1 0 0 k d ; p I  > 6 . 3  o r  p I  < 6 . 3 )  w a s  g en e r a l ly the  s am e  and 

c ou l d  n o t , by numb e r s  a l one , account for the d i f fe r en c e s  

f ound i n  t h e  quan t i t a t ive  ana l y s e s . 

Th e s t a t e  o f  pho s phory l a t i on o f  p ro t e ins  o f  ame b a e  

a n d  f l a g e l l a t e s  o f  N .  fowl e r i  w a s  examine d .  Lab e l i n g  o f  

p h o s phopr o t e in s  dur ing g r ow th o f  N .  fow l e r i  nN6 8 w a s  made 

p o s s ib l e by s ub s t i tut i on of the  pho spha t e  buffe r i n  Pag e 

ameb a s a l ine 'v i t h  2 ITU'1 MOPS (m orpho l inopropane s u l f on i c  
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F i gure 4 8 . Di s t r ibut i on o f  the numb e r  o f  p o lypep t i de 

s p e c i e s  o f  amebae  ( ) and f l a g e l l a t e s  (»)  
o f  Na e g 1 e r i a  f ow 1 e r i  n N6 8 according t o  the i r  

p o s i t i on s  i n  the i s o e 1 e c t r i c  focus ing g r a di e nt . 

Th e pH o f  the g radi en t i s  a l s o s hown (6) . 
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F i gure 4 9 . D i s t r i but i on o f  the amount s  o f  p o lyp ep t i de 

s p e c i e s  o f  amebae  ( ) and f l a g e l l a t e s  C (») 
o f  Na e g l e r i a  fowl e r i  nN6 8 a c c ording t o  the i r  

p o s i t i o n s  i n  the i s o e l e c t r i c  focus ing gradi e n t . 

Th e pH o f  the  g r ad i en t  i s  a l s o  s hown (�) . 
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F i gure S O .  Th e m e an amount o f  po lypep t i de p e r  s p e c i e s  

according  t o  p o s i t i on i n  the i s o e 1 e c t r i c  

g ra d i en t  fo r amebae  (II) and f l ag e l l a t e s  C[]) 
o f  Na e g le r i a  f ow1e r i  n N6 8 . 

Th e pH o f  the  g rad i e n t  i s  al s o . s hown (�) . 
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F i gure  5 1 . Re l a t i on s h i p  b e twe en mo l e cul ar  s i z e  and charg e 

o f  p o lypep t id e s  o f  ameb ae  (c l o s e d symbo l s )  and 

f l ag e l l at e s  (o p en s ymb o l s ) . 

Each p o in t  rep re s en t s  the p o s i t i on in the i s oe 1 e c t r i c  

f ocus ing g r adi ent a t  wh i c h  the  me d i an s p e c i e s  (A) o r  me d i an 

amoun t  o f  l ab e l e d  p o lypep t i de (B ) i s  l o c a t e d  w i t h i n  e a ch 

o f  the mo l e cul ar s i z e rang e s . Th e r e l at i on s h i p  b e twe e n  

I EF p o s i t i on and t h e  p H  o f  t h e  g radi ent i s  s im i l ar t o  tho s e  

s hown i n  Fi gure  4 8  t o  5 0 .  
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a c i d )  b u ffer  and g row ing ameb ae  i n  Ne l s on medium p r epar e d  

w i th t h e  mo d i f i e d  s a l in e . Growth o f  ameb a e  o f  N .  fow l e r i  

i n  MOPS - buf fered  Ne l s on med ium was equiva l e n t  t o  tha t  

ob t a i n e d  i n  p h o s pha t e - bu f fe r e d  Ne l s on med ium ( F i g . 5 2 ) . 

Enfl ag e l l a t i on o f  ameb a e  g rown in  the mo d i f i e d med i um was 

s im i l a r  t o  tha t of  ameb a e  g r own i n  p ho s phate - bu f f e r e d  

Ne l s on - m e d ium (Fi g . 5 3 ) . N .  fowl e r i  nN6 8 g r owing in MOPS 

bu f f e r e d  Ne l s on m e d ium incorpor a t e d  
3 2

P - l ab e l e d  ino r g an i c  

ph o s ph a t e  into  mac romo l e cu l e s  (Tab l e  1 1 ) . App roxima t e l y  

7 %  o f  t h e  i nc o rpo r a t e d  l ab e l  was ins o l ub l e  i n  ho t t r i ch l o 

r o a c e t i c a c i d and inc luded pho s phopro t e in s . 

Au t o radiog raphy o f  p o lypep t i de s  o f  th e s e  pho spha t e -

l ab e l e d c e l ls r e s o lve d b y  two - d imens i o n a l  e l e c t ropho r e s i s  

r eve a l e d  that  a var i e ty o f  p o lypep t i d e s  had  incorp o r a t e d  

s m a l l amoun t s  o f  l ab e l e d  phosphate  and a f e w  po lypep t i de s  

h a d  i n c o rpo rated  a s i gn i f i c an t  amoun t o f  
3 2

P - l ab e l  ( F i g . 

5 4 a) . Many , but n o t  a l l , o f  the 
3 2

P - l ab e l e d  p o ly p ep t i de s  

c o - m i g ra t ed w i th 
3 5

S - l ab e l e d  p o lyp ep t i de s . Pho sphop ro -

t e in s  were  d i s t r ibuted  throughout the g e l s  w i thout any 

d i s t in c t  s i z e  o r  char g e  b i as . A numb e r  o f  chang e s  i n  the 

d i s t r i but i on of 
3 2 P - l ab e l  o c curred  when l ab e l e d  ameb a e  

w er e  enfl ag e l l a t e d . Th e mo s t  p rominent chang e ob s e rv e d  

w as a maj o r  s h i f t o f  
3 2

P - l ab e l  from the  doub l e t  s p o t  s e en 

in the v i c ini ty  o f  the 
3 5 S - s p o t  2 0 5  p o s i t i on to a m o r e  

b as i c p o s i t i on , d e s i gnated  P3 , wh i ch d i d  no t app e a r  t o  c o 

m i g r a t e  w i th a ny o f  the  3 5 S - l ab e l e d  p o lypep t i de s s e e n  i n  
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F i gure 5 2 . G r ow th o f  Na e g l e r i a  fowl e r i  n N6 8 in mod i f i e d  

Ne l s on med ium w i th MOPS buffer . 

Am e b a e  o f  N .  fowl e r i  nN6 8 w e r e  grown in unag i t a t e d 

cul tur e s  a t  3 7 ° C i n  2 5  cm
2 

t i s s ue cu l ture fl a s k s  cont a i n i ng 

5 m l  o f  e i th e r  Ne l s on med i um in  Pag e  ameb a s al ine ( 2  mM 

p h o sphate  bu f fe r )  ( ) o r  o f  Ne l s on - medium i n  ameb a s a l in e  

c o n t a ining 2 mM MOPS b u f f e r  CO) . Bo t h  me d i a  conta i n e d  

2 %  (v/v)  c a l f  s e rlli� and the p H  o f  b o th me d i a  a t  inocul a -

t i on was 6 . 4 5 . Gr owth wa s mon i t o red  by c e l l  c o unt s a s  

d e s c r i b e d  i n  Ma t e r i a l s  and Me thods . 



--I 
� 
......... 
w 
« 
m 

6 
1 0  

W 5 
� 1 0  « 

[J 

2 0  4 0  6 0  8 0 1 0 0 

T I M E ( h )  



1 6 7  

F i gure 5 3 .  En f l ag e l l at i on o f  Na eg l e r i a  fow l e r i  nN6 8 

g r own in  Ne l s on me d i um o r  i n  NOP S - b u f fe r e d  

Ne l s on medium .  

N .  fowl e r i  n N6 8 ameb a e  were  grown a t  3 7 ° C i n  una g i 

t a t e d  cul ture s cont a i n i ng e i th e r  Ne l s on me dium i n  Pag e 

ame b a  s al ine Ce) o r  Ne l s on me d i um - p rep ared in  MOP S 

b uf f e r e d  am eb a s a l ine  C[]) . La t e  l o g ar i t hmic  pha s e c u l 

t ur e s  o f  am eb a e i n  the  d i f f e r en t  g rowth med i a  w e r e  w a s h e d , 

s us p ended and a g i t a t e d  i n  ameba s a l i n e  w i th MOP S  b u f f e r  

a t  3 7 ° C .  En f l ag e l l at i on was  mon i t o r e d  a s  des c r i b e d  f o r  

F i gure 9 .  
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Tab l e  1 1  

I n c o rp o r a t i o n o f  [ 3 2 p ] I n o rg an i c  Pho s p h a t e  Dur i ng G r o w t h  o f  

Na e g l e r i a  fow 1 e r i  nN6 8 i n  MO P S - Bu f f e r e d  Ne l s on Me d i um 

I n c o rp o r a t i o n  
In p u t  La b e l  % Ut i l i z a t i o n o f  

a 

Exp e r i m e n t  ( fl C i /m 1 )  Me d i um I s o t o p e  Co l d  T C A  Ho t T C A  

1 

2 

5 4 1 9  6 . 7  x 1 0 6 4 . 7  x 1 0 5 

5 5  2 1  7 . 2  x 1 0 6 4 . 3  x 1 0 5 

Am eb a e  0 t �. f ow l e r i  n N 6 8 w e r e  g ro wn a t  3 7 ° C  i n  unag i t a t e d  cu l tu r e s 
i n  7 5  c m  f l asks c o n t a i n in g  1 0  m l  �� Ne l s on me d i um w i t h MO P S  b u f f e r  
and 2 %  c a l f  s e rum .  C a r r i e r - f r e e  [ P ] i n o r g an i c  p h o s ph a t e  w a s  n e u 
t r a l i z e d  a n d  a dd e d  t o  m i d - l o g a r i t hm i c  ph a s e c u l tur e s . Cu l tu r e s  we r e  
i n cub a t e d  f o r  2 4 hours  with  l ab e l . I n c o rp o r a t i o n i n t o  t r i c h l o r o a c e t i c  
a c i d (h o t  o r  c o l d )  in s o lub l e  mat e r i a l  wa s me a s u r e d  a s  d e s c r i b e d  in 
Ma t e r i a l s  and Me t h o d s . 

a I nc o rp o r a t i on e xp r e s s ed a s  t h e  c o un t s  p e r  m i nut e p e r  1 0
6 c e l l s  in 

t r i ch l o r o ac e t i c  a c i d  i n s o l ub l e  ma t e r i a l , c o r r e c t e d  fo r b a c k g r o und . 

,.... 
0"-
lD 
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F i gure  5 4 . Au t o r a d i o g rams o f  r 3 2
P ] - l ab e l ed p o lypep t i de s  

o f  Na e g l e r i a  f ow l e r i  nN6 8 amebae  and f l a g e l -

l a t e s  r e s o lved by two - d imens i on a l  e l e c t r o -

pho r e s i s . 

Ameb ae o f  N .  fow l e r i  n N6 8 were  l abe l e d  for  2 4  hou r s  

. h r 3 2 p ]  . . h h d ·  h 3 7 ° C ·  W l t  - lno r g an l c  p o s p  a t e  ur lng g rowt a t  l n  

MOPS - buffered  Ne l s on med ium .  Ha l f  o f  the labe l e d  ameb a e  

w e r e  w a s hed  and s u s p en d e d  in  ameb a s al ine fo r e n f l ag e l l a -

t io n . Wh o l e  c e l l  p reparat i on s  o f  g rowing ameb a e  and o f  

f l a g e l l a t e s  f o rmed a f t e r  3 hour s in  ameb a s al ine  we r e  r e -

s o lve d by two - d imen s i on a l  e l e c t r opho r e s i s  and de t e c t e d  by  

a u t o r a d i o g raphy a s  de s c r ib e d  in Ma t e r i a l s and  Me thods . 

Numb e re d  s p o t s  i nd i c a t e  l ab e l  c o - mi g r a t i ng w i th 
3 5

S _  

m e t h i on ine - l ab e l e d p o lyp ep t i d e s  a s  de t e c� e d  i n  F i gur e  3 9  

a n d  4 0 . La r g e  a r r ows den o t e  maj o r  chang e s  dur ing enfl a g e l -

l a t i on .  

A .  Gr owing ameb a e . Th e s amp l e  cont a i n e d  3 4 0 , 0 0 0  cpm 

in approx imat e l y  2 0 0  Pg p ro t e in . PI  (� l 5 0 K , 

p I � 6 . 8 ) a nd P 2  (� 4 0 K ,  p I  � 7 . 0 ) ar e ma j o r  

p h o s phory l a t e d  s p o t s  ob s e rve d t o  chang e dur i n g  

e n f l a g e l l a t i o n and wh i ch d i d  n o t c o - m i g r a t e  

w i th 
3 5 S - l a b e l e d  p o lypep t i d e s . 

B .  Fl a g e l l a t e s  a f t e r  3 hour s . Th e s amp l e  c on t a in e d  

9 5 , 0 0 0  cpm in approxima t e ly 6 0  � g  p r o t e in . 

P3  (�  3 2 K , p I  � 5 . 6 )  d i d n o t  c o - m i g r a t e  w i t h  

3 5  any S - l ab e l e d s p o t  s e en in ameb a e  o r  f l ag e l -

l a te s . 
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ame b a e  o r  f l a g e l l at e s  (F i g . 5 4 b ) . Th e int ens i ty o f  two 

s po t s  increas ed dur ing e n f l ag e l l a t i on (dark  arrows , F i g . 

5 4 b )  a nd one new s p o t  ( 3 6 )  was  d e t e c t e d . One s p o t  ( P I ) 

d e c l i n e d  n o t i c e ab ly in  inten s i ty ,  whe r e a s  s everal  o th e r s  

( i nc luding  2 1 4  and 2 2 7 )  w e r e  no  long e r  de t e c t e d  in  the  

f l ag e l l a t e s . Th e chang e s  in d i s tr ibut i on of  
3 2

P - l ab e l  di d 

n o t  c o rre l a t e  w i t h  tho s e  chang e s  ob s erve d  p r ev i ous ly w i th 

3 5
S - m e t h i on ine - l ab e l e d  p o lypep t i de s  exce p t  for  s p o t  3 6 , 

w h i ch exhib i t e d  i ncr e as e s  in r e l a t ive  amoun t i n  b o th 3 2 p 

and 3 5 S - l ab e l e d  p o lypep t i de  p a t t e rns  o f  f l a g e l l a t e s  a r i s ing 

from p re - l ab e l e d  amebae  ( F i g . 40  and 5 4 ) . 
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D I SCUSS I ON 

Gr owth ch arac t e r i s t i c s  o f  N .  grub e r i  NEG - M  a t  3 Z o C  i n  

a g i t at e d  cul ture s are  ve ry s imi l a r  to  tho s e  repo r t e d  for  

N .  grub e r i  EGB und e r  l i ke cond i t ions  a t  2 8 ° C ( 1 3 7 ) and the  

g rowt h  of  N .  fow1 e r i  nN6 8 at  3 Z o C  is  only  s l i gh t l y  s l ower 

t han p r evious r e sul t s  ob t a ined  a t  3 7 ° C  unde r  o the rw i s e  

s im i l a r  cond i t ions  ( 1 3 6 ) . When the ameb ae i n  l a t e  l o g a 

r i thm i c  pha s e  o f  g rowth are  wa s h e d  and s�s p ended i n  non 

nut r i e n t  buffer by the methods  e s t ab l i sh e d  p revi ous ly  

( 4 5 ) , mo s t  o f  the  N .  grub e r i  ameb a e  conve r t  to  f l a g e l l at e s  

b y  9 0  m i nut e s  a ft e r  s ubcul ture t o  buf fer bu t very l i t t l e  

e n f l a g e l l at i on o f  N .  f owl e r i  ameb a e  i s  ob s e rve d . The T s O  
fo r N .  g rub e r i  e n f l a g e l l at i on ,  � 9  minu t e s , i s  almo s t 

i de n t i c a l  t o  tha t r ep o r t e d  a t  Z s o C f o r  b a c t e r i a l - g r own N .  

grub e r i  ameb ae  (Ts O = 6 0  minu t e s ,  Re f .  4 8 )  and i s  s omewh a t  

l e s s  t h an t h a t  r e p o r t e d  previ ous ly for  ame b a e  grown axen i 

c al ly i n  M7 medium ( 7 9 minut e s , Re f .  4 7 , 4 8 ) . Axe ni c  

g rowth o f  N .  g rub e r i  NEG - M  i n  the s imp l i fi e d  M7  med ium i s  

e qu i v a l e n t  t o  t h a t  i n  Ba l amu th med ium und e r  unag i t a t ed 

c ul tu r e  c ondi t i o n s  ( F i g . 4 ,  Re f . 1 3 7 ) , and the ameb a e  

g rown i n  M 7  m e d ium and s t imul a t e d  t o  d i f f e r e n t i a t e  by th e 

s ame m e thod a g a in demon s t r a t e  synchronous , h i gh y i e l d  

e n f l a g e l l at i o n  w i th a Ts O ' 6 8 m inut e s , ag a i n  l e s s  than 

r ep o r t e d  p r evi ous ly  ( 4 7 ) . 
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Th e l ower y i e l d  o f  f l ag e l l a t e d c e l l s  i n  s ome exp e r i 

m ent s may b e  a t t r ibutab l e  t o  damag ing e ffec t s  o f  the 

c en t r ifug a t ion/ wash ing p r o t o c o l  as  has been no t e d  with N .  

g rub e r i  (4 5 ) . An a l t erna t e  p r o t o c o l  for en f l ag e l l at i o n  

i n i t i a t i on wh i ch e l im inat e s  cent r i fugat i on a s  we l l  a s  

s imp l i fying  a n d  s h o r t ening t h e  proc e s s (Ra t i on a l e , Ma t e r i a l s 

and Me t ho d s) , r e s u l t s  in c onve r s i on o f  up t o  9 5 %  o f  M 7  

g rown ameb a e  i n t o  f l ag e l l at e d  c e l l s  w i t h  a n  ave rage  T
5 0 , 

i n  many exp er iment s ,  o f  7 2 minu t e s (F i g . 6 ) . The enfl ag e l 

l a t i o n  o f  axen i c  a l ly  cul t iva t e d  N .  grub e r i  ameb a e  i n  the  

e xp e r imen t s  p e r fo rme d here  is  very s imi l ar to  tha t r e p o r t e d  

e l s ewhe r e  (4 7 , 4 8 , 5 0 ) b y  a l l  c r i t e r i a  o f  t im ing , synchrony , 

e x t e n t  o f  chang e ,  and the nature  o f  the mo rpho l o g i c a l  

c h an g e s  from ameba t o  r ound c e l l s  t o  the e l o ng a t e  f l ag e l 

l at e  f o rm . Fu r th e rmor e ,  the r e s ul t s  o f  exp e r imen t s  d emon 

s t r a t ing the e ff e c t s  on N . grub e r i  d i ffe r en t i a t i on o f  

g rowth t emp e r a ture (Tab l e  3 ,  Re f .  4 7 ) , t emp e r a ture o f  

e n f l a g e l l at i on ( F i g . 7 ,  Re f .  4 5 , 5 0 ) , cul tur e age  ( F i g . 1 1 , 

Re f .  4 8 ) , di f f e r ent  non - nu t r i en t  bu f f e r s  ( F i g . 1 3 , Re f .  

4 5 , 4 9 ) , remov a l  o f  M7 medium c on s t i tuen t s  ( Tab l e  6 ,  Re f .  

4 6 ) a nd inh i b i t o r s  o f  r ibonuc l e i c  a c i d  (RNA )  o r  p ro t e i n 

s yn th e s i s  ( Fi g s . 1 4 - 1 7 , Re f .  5 6 , 6 3 , 1 0 9 , 1 4 6 )  a r e  a l l  con 

s i s t e n t  w i t h  the l i t e ra tu r e  on �. grub e r i  d i f f e r en t i a t i on . 

Na e g l e ri a  f owl e r i  nN6 8 ameb a e  do n o t  e n f l a g e 1 1 a t e  

w e l l unde r the c o nd i t i on s  emp l oyed  f o r  o p t imal  N .  g r ub e r i  

e nf l age l l at i o n . Th e var i ab i l i ty in  exten t o f  en f 1 ag e l 1 a t ion 
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among s t rains g rown and induced  t o  en f l ag e l l a t e  a t  3 2 ° C 

w a s  f i r s t thought t o  b e  an ind i c a t i on o f  d i fferenc e s  in 

o p t imal  condi t i ons  for  e ach s t r ain . Ind e e d , the e x t e n t  o f  

e n f l ag e l l a t i on o f  two s t ra ins  ( Love l l  and KU L)  i s  marked l y  

i nc r e a s e d  by  chang ing t h e  t emp e rature o f  g r owth and d i f �  

f e r e n t i a t i on t o  3 7 ° C but  the extent o f  enf l ag e l l a t i on o f  

s ev e r a l  s tr a in s  r emain r emark ab ly s im i l a r  under  a w i de 

r ang e o f  t e s t  condi t i ons . At l e a s t on e s t r a in (NF 6 9 ) do e s  

n o t  e n f l ag e l l at e  unde r any o f  the var i e ty o f  cond i t i on s  

t e s t e d w i th s t rain  nN6 8 . Th e non - enflag e l l a t ing  s t r a ins 

d o  not produce a d i ffus ib l e  s ub s t ance  that  inh ib i t s  e n 

f l ag e l l a t i on by an e n f l ag e l l a t ing s t r a in n o r  do en f l ag e l 

l a t in g  s t ra ins r e l e a s e an a c t iva t o r  that p romo t e s  en fl ag e l 

l at i on by non- en f l ag e l l a t ing s tt a i ns . Al t ho ugh i t  c anno t  

b e  rul e d  o u t  that  fav o r ab l e  cond i t i ons for  extens ive  

e n f l ag e l l at i on by  the p o o r - to non - en f l a g e l l a t ing s t r a ins 

do e x i s t , i t s e ems p o s s ib l e  that the capab i l i ty o f  N .  

f owl e r i s t r a in s  t o  enf l ag e l l at e  e f fi c i ent l y  i s  d e t e rm i n e d  

by  g e ne t i c , a s  w e l l a s  phys i o l o g i c , fact o r s . 

A n umb e r  o f  f ac t o rs inf luence the e n f l a g e l l a t i on o f  

N a e g l e r i a  f owl er i .  Th e t emp e r a tu r e s  o f  g r owth and d i f 

f e r en t i a t i on a r e  imp o r tant var i ab l e s for  N .  fow l e r i  e n 

f l ag e l l a t i o n ,  a s  they are  for  d i fferent i a t i on o f  ax en  i 

c a l l y  g rown N .  g rub e r i ameb a e . Howeve r ,  N .  grub e r i  ameb a e  

e n f l a g e l l a t e  ex t en s ively  when s ubcul tured t o  t h e  s ame o r  

l owe r t emp e r a tur e t h an tha t o f  g rowth (4 7 , 5 0 ) , wh e r e a s  N .  
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fowl e r i  nN6 8 ameb ae enf lag e l l a t e  with  h i gher  y i e l d s  and 

g re a t e r  s ynchrony when s ubcul tured to ameb a s a l ine a t  the  

s am e  or  a h i gher  temp e r ature than tha t of  g r owth . 

An imp o r t ant d e t e rmina t iv e  fac t o r  f o r  N .  fowl e r i  

e n fl ag e l l at ion , but n o t  for  N .  grub e r i , app e a r s  t o  b e  

p opu l a t i on den s i ty dur ing g r owth and d i ffe r ent i a t i on . 

Amebae  from s t a t i onary phas e cul tur e s  o f  N .  fowl e r i  nN6 8 

wh i ch h ave ach i eved near  c on f luency on the unag i t a t e d  

t i s s u e  culture  f l as k  surface  d i f fe r en t i a t e  w i t h  g r e a t e r  

synchrony and t o  h i gher  mea s u r e d  y i e l d  than d o  tho s e  from 

a c t ive ly g r owing , s p ar s e  cu l ture s . Ch ang e s  occurr ing in  

t h e  c u l ture medium dur i ng g �owth a l s o  a f f e c t the  ext e n t  o f  

e n f l a g e l l a t i on a f t e r  sub cul ture t o  condi t i on s  e l i c i t ing  

e n f l ag e l l at i on .  Exp ended cul tur e  medium may p r im e  ameb ae 

f o r  e n fl age l l at ion  a s  a cons e quen c e  o f  nut r i ent d e p r iva 

t i on ,  dep l e t i on o f  an i nh i b i t o r  o r  p ro duc t i on o f  a d i f 

f e re n t i a t ion  f a c t o r . Th e c r i t i ca l  component  o f  t h e  med i um 

wh i c h  when ind iv i du a l ly removed evok e s  en f l ag e l l a t i on i s  

t h e  mo s t  c omp l ex cons t i tuent ; tha t  i s , Panme de l iver 

d i g e s t . Pe rhaps s om e  c r i t i c al  fac t o r  in th i s  comp on e n t  

p reven t s  ameb ae  f rom enf l ag e l l a t ing and c e l l s  n o rma l ly 

b e come c omp e t en t  t o  en f l a g e l l a t e onl y  a f t e r  the l ev e l o f  

t h i s s ub s t anc e  i s  r e duc e d  l a t e  i n  cu l tu r e  g rowth . The s e  

ameb ae , howeve r ,  do n o t  usua l l y  e n f l ag e l l a t e  s p on t an e o u s ly 

in o l d  c u l t ur e s  i n  Ne l s on med ium . Ameb a e  o f  N .  f ow l e r i  

a dapt e d  t o  Ba l amuth med ium , c on t a ini ng y e a s t  e x t r a c t  and 
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p r o t e o s e p e p t one in add i t i on t o  the c omp on en t s  o f  Ne l s on 

m ed i um , can spontane ous ly en f l a g e l l a t e  i n  o l d  cul tur e s  

( Mi ke C l ine , unpub l i s h e d  r e s ul t s ) . N .  fowl e r i  nN6 8 ameb a e  

p as s ag e d  i n  m i c e  en f l ag e l l a t e  spontan e o us ly when they ar e 

r e c ove r e d  and cul t i v a t e d  in Ne l s on med ium wi th s e rum .  

Th e s e  r e s u l t s  s e em t o  agree  w i t h  mor e  exa c t  r e s u l t s  ob 

t a i n e d  w i th � . g rub er i  NEG - M  i n  wh i ch the r e l a t ive  c on c e n 

t ra t i on s , in  g r owth and enf l a g e l l a t i on me d i a ,  o f  a fac t o r  

f rom y e a s t  extrac t i s  t h e  imp o r t ant var i ab l e  wi th re s p e c t  

t o  e n f l age l l a t i on ( 4 6 ) . N .  grub e r i  NEG - M  ameb ae cul t i 

v a t e d  i n  M7 med ium w i t h  added  fac t o r  e n f l a g e l l at e  we l l  

when t r an s f erred  t o  M 7  med ium w i thout e xc e s s  fac t o r , 

whe r e a s  ameb a e  g rown i n  M7 med ium w i t hout added f a c t o r  

r e qui r e  the r emov al  o f  y e a s t e�t r a c t  for e n f l ag e l l a t i on t o  

o ccur . 

N .  fow l e r i  ameb a e  enfl ag e l l a t e  t o  a g r e a t e r  e x t e n t  

w h e n  s usp ende d a t  dens i t i e s  l e s s  than 2 x 1 0 5 ameb a e /m l  

than a t  t h o s e g r e a t e r  than 5 x l O
S

/m I . Th i s  may a l s o  b e  

due  t o  r e s i dual  amoun t s  o f  a s ub s t anc e o n  t h e  ce l l s  wh i ch , 

when p re s ent above a c e r t a in concen t r a t i o n , inhib i t  

e n fl ag e l l a t i on . .  Ne i th e r  p opul a t i o n  dens i t y  dur ing d i f 

f e rent i a t i on n o r  g r ow th s ta g e  app e a r s  t o  b e  a c r i t i c a l  

v a r i ab l e  f o r  N .  g rub e r i  e n f l ag e l l a t i on ( 4 8 ) ,  a l though s ome 

c or r e l a t i on s  h ave  b e en ob s e rv e d  b e twe en the pH of l a t e  

l o g a r i thm i c  phas e axen i c  cu l ture s o f  N .  g rub e r i  a n d  the 

e x t en t  of e n f l ag e l l a t i on ( 4 7 ) . 
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Th e exp er imen t a l  cue s  for  en f l ag e l l a t i on are  s u s p en 

s i on , d i l u t i on and ag i t a t i on o f  ameb a e  in non - nut r i en t  

ameb a s a l in e . E l e c t r o l y t e  c onc en t r a t ions  have s ub s t an t i a l  

i n f l uence  up on the en f l age l l a t i on o f  � .  g rub e r i  and s p e 

c i f i c  c a t ions  c an r egul a t e  b o th the ini t i a t i on o f  en f l ag e l 

l a t i on ( 3 6 , 4 6 , 4 8 )  and the  i n t e r conv e r s ion  o f  ce l l s  i n t o  

t h e  var i ous mo rpho l o g i c a l  s ta g e s  o f  N .  grub e r i  enfl ag e l l a 

t i on (4 9 ) . Di f f e r en c e s  in the  forma t i on o f  the f l ag e l l at e  

s hap e during enf l ag e l l a t i on o f  N .  grub e r i  i n  M 7  buffer , TK 

b u f fe r ,  Pag e  ameb a s al ine o r  de i on i z e d  wa t e r  ( F i g . 1 3 )  a r e  

p r o b ab l y  a t t r i but ab l e  t o  d i ffe r enc e s  i n  s uch i on i c  fa c t or s . 

N .  fowl e r i  ameb ae , unde r the cond i t i on s  t e s t ed , a c qu i r e  

f l ag e l l a  and a s sume t h e  e l ong a t e d  f l ag e l l a t e  shap e w i t hout  

a d i s t inc t ive r o unded i n t e rmedia t e  s t ag � s uch as  tha t 

r e gu l a r l y  o b s e rv e d  dur ing N .  g rub e r i  d i f fe r en t i at i on 

( 4 9 , 5 0 , 1 0 6 ) . En f l ag e l l a t i on o f  Na eg l e r i a  fowl e r i  in a 

s e r i e s  o f  vari at i ons  o f  Pa g e  ameb a s a l i n e  l a ck ing K+ , 

Na+ , Ca
+ 

and Mg + (Ma. t e r i a l s  and Me thods , Ta.b l e  7 )  d o e s  no t 

r e s u l t  in  a l a rg e d i f fe rence in the extent  o f  en f l ag e l l a 

t i on b u t  enfl a g e l l a t i on i n  T K  b u f fe r  (Tr i s  buffer  and 1 0  

�f K+ ) o r  d e i on i z ed wa t e r  r e s u l t ed i n  s i g n i f i c ant  r e duc 

t i on  in the  e x t e n t  o f  e n f l a g e l l a t i o n . En f l a g e l l a t i on a l s o  

o c cu r s  s im i l ar ly i n  ameb a s a l in e  wi th pho s p ha t e  b u f f e r  o r  

w i th  MOPS b u f f e r  ( F i g . 5 3 ) . A s i gni f i c an t  r e du c t i on in  

t he l e v e l  o f  i n c o rpo r a t i on of  r
3 5 S ] - m e t h i o n i n e  and r 3 2 p ] 

o r th o ph o s p h a t e  i n t o  macromo l e cul e s  i s  ev i d e nt i n  e n fl ag e l 

l a t ing N .  fow l e r i a s  c omp a r e d  t o  g rowing ameb a e , even 



1 7 9  

t hough i nc o rp o r a t i on doe s o ccur dur ing  enf l ag e l l a t i on 

( Tab l e s  8 ,  9 ,  and 1 1 ) . Fu rther  s tudi e s  a r e  ne c e s s ary fo r 

b o th N .  fow l e r i  and N ; grub e r i  t o  e luc i da t e  t h e  e f fe c t s  o f  

p hy s i o l og i c a l  fac t o r s  o n  b o th the ini t i at i o n  o f  e n f l ag e l -

l at i on and on the p r o g r e s s  o f  even t s  dur i n g  enf l a g e l l at i o n . 

Op t ima l c ondi t i ons  for  enf l ag e l l a t i on o f  ax eni c a l ly  

c u l t iv a t e d �. fowl e r i , b a s e d  up on the r es u l t s  o f  the  

s tudi e s  on facto r s  c r i t i c a l  to  enf l ag e l l a t i on ,  inc l u de : a )  

c u l t ivat i on o f  amebae  unde r  nut r i t i on a l  c o nd i t i on s , env i r o n -

m e n t  and t emp erature  favor ing mo s t  rap i d  g rowth o f  ameb a e ; 

b )  u s e o f  ameb ae  in m id - to - l a t e  s ta t i on ary phas e o f  the 

g rowth curve ; c)  r emoval of g r owth m e d i um nutr i en t s  (or 

o th e r  f a c t o r s  p r even t ing en f l ag e l l a t i on ) ; d)  r ap i d  c omp l e -

t i o n  o f  wa sh ing s t e p s  for ameb a e  und e r  c o nd i t i on s  in wh i ch 

t he c e l l s  are  n o t  s ub j e c t e d  t o  damag e by centr i fu g a t ion ; 

and  e )  s us p ens ion and ag i t a t i on o f  ameb a e  a t  a c e l l  den 

s i ty l e s s  than 5 x 1 0
5 

ameb ae /ml i n  nut r i en t - fre e  b u f fe r , 

o p t ima l ly ameb a s al in e , main t a ined  a t  a t emperature  equal 

t o  o r  h ig h e r  than the g rowth t emp e r atur e .  

Th e e x t ent t o  wh i ch N .  f ow l e r i  e n f l a g e l l a te s und e r  

t h e  op t i m i z e d  c o nd i t i o n s  i s  s i g n i f i c an t l y  l e s s  t h an tha t  

o b s e rved  f o r  Na eg l e r i a  g rub e r i .  Th i s  has  b e en n o t e d  

p re v i ous ly  when N .  fow l e r i  i s o l a t e s we r e  i nduc e d  t o  en -

f l a g e l l a t e  a t  the s am e  t ime  and unde r  s im i l ar condi t i o n s  

a s  N .  grub e r i  ( 2 1 ) . I t  i s  no t known wi th  c e r t a i n ty wh e th e r  

t h e  h i ghe s t  p e r c en t a g e s  o f  f l ag e l l at e s  s c o red ( 6 5 - 7 0 % ) 
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r e fl e c t s  an inab i l i ty o f  3 5 %  o f  the c e l l s  t o  en f l ag e l l a t e  

a t  that t im e  o r  wh ether  the numb e r s repre s en t  the max imum 

v a l u e  r e sul t i ng  f r om the con t r i but i on o f  enflag e l l a t i on 

and s imu l t aneous  r e ve r s i on o f  e ar l i e r  d i f f e r ent i at e d  

c e l l s . S iln i l ar p e r centag e s  o f  f l ag e l l a t e s  are ob t a in e d . 

f rom cu l tures  g rown from e i th e r  f l a g e l l a t e s  or  ame b a e  

p ur i f i e d  from enflage l l at e d s u s p en s i ons , a rguing a g a i n s t 

t h e  f o rmer  a l t e rnat i v e . Th e s ynchrony o f  appe aran c e  o f  

t he mature f l ag e l l at e  s hap e und e r  the b e s t c ondi t i on s  

o b t a i n e d  i s  s uch  that  a t  l e a s t 6 0 % o f  the  ameb ae b e c ome  

f l ag e l l a t e - s hap e d  c e l l s  within 30  minu t e s  ( F i g . 8 C ) , 

s ynchrony r iva l ing that  o f  �.  grub e r i  (4 5 , 5 0 ) . The d e 

c l in e  i n  th e p e rcent age  o f  f l ag e l l at e s  i n  s us p ens i o n s  o f  

s ynchronous ly en f l ag e l l a t e d  N .  fow l e r i  o c cu r s  much s oo n e r  

and ove r a muc h  s ho r t e r  r e l a t ive t ime s p an than i s  nor 

m a l ly s e en in �. grub e r i  e n f l ag e l l a t i on . F l a g e l l a t e s  o f  

�.  grub e r i , howeve r ,  reve r t  much fas t e r  a t  h i ghe r t emp er a 

t ur e s  o f  enflag e l l a t i on than a t  2 5 ° C ( F i g . 7 ,  Re f .  4 5 , 4 9 , 

5 0 ) and  s how an i nc r e a s e d  s u s c e p t i b i l i t y  t o  rever s i on in  

the  p r e s ence of  inhib i t o r s  fol l owing h e a t - s ho ck t re a tment 

a t  3 8 ° C (1 3 3 ) . I t  s e ems p r o b ab l e , then , th a t  the qu i ck 

r eve rs i on o f  N .  fowl e r i  f l a g e l l a t e s  p r even t s  ob s erv at i on 

o f  n e a r  1 0 0 %  f l ag e l l a t e s  a t  any one t ime . 

En f l ag e l l at i on o f  � . f owl e r i  i s  g en e r a l ly s l ow e r  than 

t h a t  s e en w i t h  N .  grub e r i , even under c o n d i t i ons r e s u l t i ng  

in  the  mo s t  s ynch r onous enf l ag e l l a t i on wi t h  a high m e a s u r e d  
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y i e l d  o f  f l ag e l l at e s .  I t  s e emed p os s ib l e  that the  d i f 

f e re n c e s i n  t iming  we re due a s  much t o  the d i ffe rence s i n  

t he axen i c  g rowth med i a  and enf la g e l l a t i on env i ronment s 

u s e d  a s  they w e r e  t o  p r o g ram di fferen c e s  i n  the two 

s p e c i e s . Howeve r , N .  fow l e r i  and N .  g rub e r i  ameb a e  g r own 

i n  a c ommon medium and s t imul a t e d  to  e n f l ag e l l a t e  in ameb a 

s al in e  cont inu e d  t o  exh ib i t  the , s ame d i f f e r enc e i n  t i ming 

o f  f l ag e l l a t e  app e aranc e ( F i g . 1 0 ) . 

Th e r e s u l t s  o f  inhib i t i on s tu d i e s  o n  N .  fow l e r i  

d i f fe rent i a t i on m ay p rovide  ins i ght i n t o  p o s s ib l e r e a s ons 

f o r  b o th th e p r o l ong ed  t ime of �. fowl e r i  en fl ag e l l a t i on 

and the  qu i ck r eve r s ion  o f  N .  fow l e r i  f l a g e l l at e s . RNA 

and  p ro t e in s ynthe s e s  are  r e qu i r e d  for N .  fow l e r i  d i ffe r 

e n t i a t ion , as  j udg e d  by incorp o r a t i on o f  r a d i o  l ab e l e d  

p r e c ur s ors  (Ta b l e  8 ) , incorp o r a t i o n  o f  r ad i o l ab e l  i n t o  a 

w i d e  s p e c t rum o f  p o lypep t i d e s  (F i g . 2 3 )  and inh ib i t i on o f  

e n f l ag e l l at ion by a c t i n omyc in D and cyc l oh e x imi de (F i g . 

1 9 ) a t  concen t r a t i ons wh i ch do no t marke d l y  affe c t  morpho 

l o gy o r  g rowth o f  �. fowl e r i  ameb a e  ( F i g . 1 8 ) . The in 

t e r e s t ing r e s u l t s , d i fferent  from tho s e  o b s e rved w i t h  N .  

g rub e r i , a r e  the  e ffe c t s  o f  de l ayed  add i t i o ns o f  the s e  

i nh i b i t o r s  t o  d i f f e r en t i a t in g  N .  fow l e r� c e l l s . Add i t i on 

o f  inh i b i t o r s  a t  c e r t a i n  t ime s dur ing  the  en f l ag e l l a t i o n  

o f  N .  g rub e r i  a t  2 5 ° C a l l ows l im i t e d , b u t  c o n t i nu e d , 

e n fl ag e l l a t ion  du e t o  the  c onve r s i on o f  c e l l s  whi ch had 

c omp l e t e d  the r e qu i s i t e  s ynth e s i s . The f l a g e l l a t e s  wh i ch 
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f o rm from the s e  non- inh ib i t ed c e l l s  are  s t ab l e at  2 5 ° C 

and , there fore , d i fferent  ' p l a t e au val u e s ' o f  f l ag e l l a t e s  

a r e  ob s e rved  dep ending o n  the t ime o f  i nh i b i t o r add i t i on 

( Fi g . 1 7 ,  Re f .  4 8 , 4 9 , 5 6 ) . The s t ab l e  ' p l a t e au p e rc e n 

t ag e s ' o f  f l ag e l l a t e s  have p e rm i t t e d  a d e s c r i p t i on o f  

t r an s i t i on p o int s ,  ana l o g ous  t o  the T5 0 me a s ur ement , a t  

wh i ch t ime 5 0 % o f  t h e  c e l l s  have c omp l e t e d  t h e  requi s i t e · 

s yn th e s i s  f o r  enf l ag e l l a t i on and a r e , the r e fo r e , i n s e n s i 

t i ve t o  the  inh ib i t o r  ( 5 6 , 1 3 3 ) . I n  contras t ,  addi t i on o f  

a c t inomy c in D a n d  cyc l ohex im ide  a t  de l ay e d  t imes  dur i n g  N .  

f ow l e r i  e nf l a g e l l a t i on no t on l y  reduc e s  the final maxi mum 

p e r c e n t age  o f  f l ag e l l at e s  wh i ch form but a l s o  can p r event 

furthe r  e n f l ag e l l a t ion  and c aus e reve r s i o n  of exi s t ing  

f l ag e l l a t e s  ( Fi g s . 2 0  and 2 1 ) . · Th e  i nab i l i ty t o  me a s ur e  

' p l a t e au p e rcent a g e s ' o f  non - inh i b i t e d  f l ag e l l a t e s  i n  N .  

f owl e r i  p reven t s  d e r ivat i on o f  t rans i t i on p o i nt s  ana l o go u s  

t o  t ho s e  measured  for  N .  grub e r i  and s ug g e s t s that  c o n 

t inue d  RNA and p ro te in s ynthe s e s  are  requi r e d  for ma i n 

t enan c e  o f  the f l ag e l l a t e  morph o l rigy . N .  g rub e r i  ameb a e  

wh i ch h av e  b e e n  sub j e c t e d  t o  3 8 . Z o C  h e a t - s ho ck demons t r a t e  

i n c re a s e d s u s c ep t i b i l i ty t o  r eve r s i on in  t h e  p re s en c e  o f  

a c t i n omy c i n  D o r  c y c l oheximide  ( 1 3 3 ) . I t  has  b e en s hown 

t h a t  the  c omp l e t i on of e s s en t i a l  RNA synthe s i s for N .  

g rub e r i  enfl ag e l l a t i on i s  de l ay e d , a l though l im i t e d  p r o 

g re s s  cont inue s ,  dur ing the in t e rv a l  o f  h e a t - shock  ( 1 3 3 ) . 

I t  h a s  fur ther  b e en p o s tu l a t e d  that  the  e f fe c ts o f  
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h e at - s h o ck on the  d e l ay ln comp l e t i on o f  N .  g�ub e r i  en 

f la g e l l a t ion may b e  due t o  de l ay in the p r o duct i on o f  a 

t emp e r a ture - s ens i t i v e  p ro t e in r equi r e d  f o r  a s s emb ly o f  the  

f l a g e l l a r app aratu s  ( 1 3 3 ) . Th e de l ay i n  appe arance of  N .  

fowl e r i  f l ag e l l a t e s , the app arent  r e qu i r ement for  con 

t inue d  s ynthe s i s , and the qui ck e r  r ever s i on o f  N .  fowl e r i  

f l ag e l l a t e s may b e  th e r e su l t  o f  the need  f o r  cont inue d  

p r o du c t i on o f  j us t  s u c h  a l ab i l e  comp onent  requ i r e d  fo r 

t h e  f l age l l ate  morpho l o g y , a l though t emp e ratur e  l ab i l i ty 

do e s  n o t  s e em l i ke ly i n  v i ew o f  the s u s p en s i on temp e r a tu r e  

e ffe c t s  o n  N .  fowl e r i  e n f l ag e l l at i o n .  Di f f e r ing l ab i l i ty 

o f  t h e  e s s en t i a l  pro t e in might  prov i de a b a s i s  for  d i f 

f e renc e s  i n  the c ap ab i l i ty o f  N .  fow l e r i  s t rains  t o  en 

f l ag e l l ate . Among t h e  cand i da t e s  for  the  l ab i l e c omp onent  

w o u l d  be  c omp onen t s of  degradat ive mechan i s ms wh i ch pro 

v i de p re cur s o r s  fo r the ne c e s s ary synth e s e s  fo r enf l ag e l 

l a t i on i n  the ab s en c e  o f  exog enous nut r i e n t s  or  wh i ch 

func t i on i n  r emova l o f  s p e c i f i c  en zyme s , such a s  thymi d i n e  

k in a s e ,  dur ing en fl ag e l l a t i on . 

Th e maj o r  u l t r as t ruc turil chang e s  wh i ch o c cur  dur ing  

e nfl a g el l at i on of  Na e g l e r i a  fow l e r i  c l o s e ly re s emb l e  tho s e  

s e e n  i n  � .  �rub e r i .  Some o f  the a l t e r a t i o n s  un ique  t o  

e n fl ag e l l a t i on have b e e n  i dent i f i e d  by  c o mp ar i n g  even t s  i n  

a n on - e n f l ag e l l a t ing s t r ain o f  N . fow l e r i  w i th tho s e  i n  

e n fl age l l a t i ng �.  fowl e r i  n N6 8 . Th e u l t r a s t ruc t u r a l  

c h ang e s  r e l ated  t o  en f l a g e l l a t i on o c cur wi t h i n  a r e l a t iv e l y  
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s ho r t  p e r i od o f  approximat e l y  6 0  minu t e s . In  b o th s p ec i e s , 

l ar g e  va cuo l e s  app e a r  t o  b e  exp e l l e d from the  c e l l . I t  i s  

n o t  c l e ar whe ther  the  l o ss o f  the s e  vacu o l e s  r e f l e c t s  the 

c es s a t ion  of endocy t o s i s  i n  non - nutr i en t  medium , p r even t i n g  

f o rm a t i on o f  f o o d  vacuo l e s , o r  a c t ive expu l s i on o f  t h e  

c on t e n t s  o f  the  vacuo l e s  i n t o  t h e  med ium o r  b o th . Al though 

s ome of the s e  vacuo l e s  are remini s c ent o f  phag o cy t i c  

v a cuo l e s , the  c e l l  may no t b e  s e c r e t ing hydro l a s e s  ( 1 0 6 ) . 
S i m i l ar vacuo l e s , wh ich  are  prominent i n  growing ameb a e  o f  

N .  grub e r i , a l s o  d i s appear  from the  c e l l s  dur i n g  enfl ag e l 

l a t i on ( 3 7 ) . Ap paren t ly , the l o s s  o f  vacuo l e s  i s  no t an 

e nfl ag e l l a t i on- s p e c i f ic p r o ce s s . 

Th e s ma l l  e l e c t r on - opaque b o d i e s  ob s e rved i n  bo th  

a meb o i d  and f l ag e l l a t e d  s t a g e s  are s im i l ar t o  tho s e  in 

o th e r  s p e c i e s  of  Na e g l e r i a  ( 1 2 2 ) . I t  ha s b e en p r o p o s e d 

t h a t  the s e  b o d i e s  may b e  s e c r e t o ry granu l e s  ( 1 2 2 )  o r  may 

r ep r e s en t  v i rus - l ike p ar t i c l e s  ( 1 1 7 ) . The e l e c t r o n 

t rans lucent  d r op l e t s  s e e n  i n  the enf l ag e l l a t ing s t ra in at  

a l l  s t ag e s , but  not  i n  the non- enf l ag e l l a t ing  var i an t , 

h ave b e en i dent i fi e d  a s  l i p i d  g l obul e s  by s everal  i nve s 

t i g a t o r s  ( 1 6 , 1 2 9 ) . Th e l ar g e  e l e c t r o n - op aque g ranu l e s  in 

ame b ae o f  s t r a in nN6 8 h av e  no t b e en r ep o r t e d  p r e v i ous ly i n  

any �a egl e r i a  s p ec i e s . Th e func t i on o f  the s e  i n c lus i on s  

i s  p r e s ent ly unknown .  

S t r a i ns  o f  N .  f owl e r i  t h a t  form fl ag e l l a  d o  s o  wh i l e  

t he y  a r e  s t i l l  ameb o i d . Am eb o i d  f l a g e l l a t e d  c e l l s  l acking  
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d i re c t i onal  mo t i l i ty apparent ly p ro c e e d  d i re c t ly t o  the 

e l on g a t e d  f o rm .  In c o n t r as t , N .  g rub e r i  b e comes s ph e r i c a l  

b e fo re t he app earance o f  f l ag e l l a  ( 4 8 , 4 9 ) . Round e d  ce l l s  

b e c ome e n f l ag e l l a t e d  and c ommenc e  s p inn ing  w i th o u t  app ar e n t  

d i r e c t e d  m o t i l i t y . Th e round s ta g e  o f  N .  grub e r i  i s  

p o s t u l a t e d  t o  b e  mere ly a t r ans i t i on a l  p h a s e rep r e s e n t ing 

t he n o rmal r e s p on s e  o f  c e l l s  t o  s urface  t ens i on f o r c e s  

when l o s s  o f  ameb o id mot i l i ty o ccurs (4 9 ) . Th e l o s s  o f  

ameb o i d  mo t i l i ty i s , howev e r , a s p e c i f i c , defined even t 

d u r i n g  N .  g rub e r i  e n fl ag e l l a t i on whi ch r e q u i r e s  p r i o r  RNA 

and p r o t e i n  s ynthe s i s  ( 4 9 ) . The l ack o f  a di s t in c t  round 

p has e o f  ob s ervab l e  dura t i on dur ing N .  fow l e r i  en f l a g e l l a 

t i on  may b e  exp l a ine d i n  a numb e r  o f  ways ; one exp l an a t i o n 

i s  that  the l ong e r  t ime b e tween ini t i a t i on and f l a g e l l a r  

a s s emb ly in �. fow l e r i  p e rm i t s  s u f f i c i en t  s ynthe s i s  o f  

m a t e r i al s n e e d e d  f o r  p r o duc t i on o f  t h e  mic ro tubul a r cyt o 

s ke l e t on s o  that the f l a g e l l at e  shap e  i s  a s s umed s ho rt ly 

a f t e r  a s s emb l y  o f  the f l ag e l l ar apparatus . The imp o r tan t  

d i f f e r ence  b e tween t h e  two s p ec i e s  app e a r s  t o  b e  tha t  the 

l o s s  o f  ameb o i d  mo t i l i ty a lway s  o c curs  p r i o r  to  a s s emb ly  

o f  t h e  f l ag e l l ar  ap p a r a tus in N .  grub e r i , whe r e a s  the  

ameb o i d  s h ape of  N .  fow l e r i  p e r s i s t s , i n  s ome mann e r , 

t hr oughout a s s emb ly o f  the b a s a l  b o d i e s , f l ag e l l a  and 

r o o t l e t . I t  s e ems c l e a r  from the r e s ul t s  w i th N .  fow l e r i  

t h at the  p r o l on g e d  round s t ag e o b s erve d  dur in g  N .  gr ub e r i  

e n f l ag e l l a t i on i s  no t a r e qu i re d  even t f o r  c e l l s  t o  unde r g o  
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t he change  from an a c t in - b a s ed ameb o i d  mo t i l i ty s y s t em 

( 4 8 , 8 7 )  t o  the m i c ro tubu l a r  cy t o s ke l e t o n  o f  f l ag e l l a te s 

( 3 5 , 3 7 ,  4 5 , 4 9 ) . I t  may b e , howeve r , tha t tho s e  fac t o r s  

wh i ch a l l ow t h e  ameb o i d  shap e  t o  p er s i s t  (unde r t h e  c on 

d i t i ons  u s e d  h e re in for opt imum N .  fow l e r i  enfl ag e l l a t i o n ) 
a l s o  p r e s en t  s ome d e g r e e  o f  imp e d iment f o r  the e s t ab l i s h -

m e n t  o f  the f l ag e l l a t e  cyto s ke l e t on ,  p e rhap s  by the  p o s tu 

l at e d  p s i - f ac t o r - r e gu l a t e d  Ca
+ 2 

s y s t em ( 4 9 ) , and the r e fo r e  

c on t r ibu t e  t o  l e s s  than comp l e t e  conve r s i o n  o f  N .  fowl e r i  

ame b a e  t o  matu r e  f l a g e l l at e s  and fas t e r  r ev e r s ion . A 

n umb e r  o f  o ther  f a c t o r s  in f luence  the s t ab i l i ty o f  the  

f l ag e l l a t e  s hap e , howeve r ,  a s  evi d en c e d  by the incomp l e t e  

c onve r s i on o f  round e d  N .  grub e r i  ameb a e  into  f l ag e l l at e 

s hap e d  c e l l s  und e r  a var i e ty o f  cond i t ions  ( F i g . 6 ,  Re f .  

4 9 , 5 6 ) . lfu atever the r e a s on s  for acqui s i t i o n  o r  l o s s o f  

f l ag e l l a t e  s hap e , t h e  d i fference  in  wh e th e r  o r  no t l o s s o f  

ame b o i d  s hap e o c curs  b e fo r e  as s emb ly  o f  t h e  f l ag e l l a r  

a pp aratus  c o u l d  b e  cons i d e r e d  a s  one argum en t  tha t  N .  

f owl e r i  e n f l ag e l l a t i on i s  n o t  mer e l y  a p ro t r a c t e d  v e r s i on 

o f  t h a t  in � . g rub e r i .  

Th e r ap i d  a s s emb ly and app earanc e o f  the comp on en t s  

o f  t h e  f l ag e l l ar appa r a tus  i n  N .  fowl e r i  i s  s im i l a r  t o  

t h a t  ob s e rved i n  N .  grub e r i . Th e s p e e d  o f  i t s  a s s emb ly 

and the  rap id i ty w i th wh i ch s hap e chang e s  may o c cu r  i n  

c e l l s  o f  Na e g l e r i a  h ave b o th b e en emp ha s i z e d  a s  p h e n omena 

wh i c h  p rovoke t e s tab l e hyp o t he s e s and p r om i s e  new ins i gh t s  
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i n t o  t h e  r e gu l a t i on o f  c e l l  s hape , mo t i l i ty and o r g ane l l e  

a s s emb ly (4 9 , 5 1 ) .  An as s o c i a t ion  b e tween the  deve l o p in g  

r oo t l e t  and the nuc l eu s  app e a r s  to b e  requ i r e d  fo r fl a 

g e l l ar func t i on .  N .  grub e r i  r o o t l e t s  demon s t r a t e  var i ab l e  

p e r i o d i c i t i e s  i n  b and ing p a t t erns when ob s e rved  i n  s e c 

t i on s  o f  fixed  f l a g e l l at e s , whe r e a s  the p e r io d i c i t i e s  are  

c ons t an t  in  i s o l a t e d  r o o t l e t s ( 1 1 8 ) . Th i s  d i f ference  s ug 

g e s t s  a funct i on a l  r o l e  o f  the  roo t l e t  i n  f l a g e l l a  mov e 

m en t , addi t ional evidence  f o r  wh ich i s  t h e  fac t that  the 

i s o l at e d  r o o t l e t  p r o t e in is  c o l l ag en - l i ke in i t s p r o p e r 

t i e s  ( 3 6 , 4 8 ) . Th e p e r i o d i c i t i e s  ob s e rved f o r  dark and 

l ig h t  b ands o f  N .  fowl e r i  r o o t l e t s  we r e  w i th in the  r an g e s  

r e p o r t e d  f o r  tho s e  measur e d  in �. grub e r i  r o o t l e t s  o b -

s e rve d i n  s e c t i on s  ( 1 1 8 ) . I t  i � no t known whe th e r  the 

p rox im i ty of the r oo t l e t  with the  nuc l eu s  p rovi de s a 

f av o r ab l e  t op o g raphy fo r m i t o chondr i a  t o  a l i gn along  the  

r o o t l e t , s e rve s a s  an anchor for  the f l a g el l a ,  or  r e f l e c t s  

s ome o th e r  r e l a t i on s h ip . Th e morpho l o g i e s  o f  the N .  

fow l e r i  f l ag e l l ar axoneme s , int e r c onne c t i on s  b e tw e e n  

f l ag e l la ,  b a s a l  b o di e s  and r o o t l e t , c on t inu i ty o f  the  

c e l lu l a r  and f l a g e l l um membr ane s ,  and  app e a r ance  o f  th e 

c o r t i c a l  m i c r o tubu l e s  l i ning the  ant e r i o r  f l ag e l l a t e  

p e r iphery w e r e  i dent i ca l  t o  tho s e  obs e rve d i n  N .  grub e r i  

f l ag e l l at e s  (3 7 , 4 5 , 1 0 6 , 1 1 4 ) .  

Ba s ed up on th e e l e c t ron m i c r o s c o p e  s tudy , the  morpho 

g en e s i s  o f  the  f l ag e l l a r  app a r a tus in N .  fow l e r i  app e a rs 
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t o  p r o c e e d  a long the  fo l l ow ing s t ep s : i )  d e  novo fo rm a 

t i on o f  a p a i r  o f  b a s a l  b o d i e s  9 0  minu t e s a f t e r  s ub cu l tur e 

t o  n o n - nu tr ient m e d i um ;  i i )  e x t ens i o n  o f  the f l ag e l l a  and 

r o o t l e t  from the b a s a l  b o d i e s  wh i l e the c e l l  rema i n s  

ameb o i d  in s hap e ; i i i )  m i g ra t i on o f  t h e  nuc l eus  t o  t h e  

v i c in i ty o f  the  deve l op ing f l ag e l l ar apparatus wh i l e  

e l ong a t i on o f  the  f l a g e l l a  and roo t l e t  a r e  i n  p r o g re s s ; 

and  iv)  c omp l e t i on o f  f l ag e l l ar ext en s i on and o f  the 

a s s o c i at i on b e tween the  nuc l eus and the r o o t l e t . 

Th e app e a ranc e  o f  a numb e r  o f  o rg ane l l e s  dur ing 

Na e g l e r i a  e n f l ag e l l a t i on ,  for  whi ch no e v i dence exi s t s fo r 

t h e  p r i o r  exi s tence  i n  ameb a e  o f  the i n t a c t  s truc tu r e s  o r  

o f  p r e cur s o rs  ( 3 6 , S l ) , sugg e s t s  t he s e  a s  c and i da t e s fo r 

r e qui r e d  new s ynthe s e s o f  p o lyp ep t i de s . S i n c e  th e c onv e r 

s i on o f  ameb ae t o  f l ag e l l at e s  occurs  i n  the  ab s ence  o f  

e xo g enous  nut r i en t s ,  the  fo rma t i on o f  new c e l l  s t ru c t u r e s 

p r ob ab l y  re qui r e s  a c o o rdinat ion o f  new p ro t e in s yn t he s i s , 

d e g r a da t i o n  o f  s t o r e d  mate r i a l s and mac romo l e cu l e s , and 

m o d i f i c a t i on o f  c e l lu l ar c omponent s s uch as cy to s ke l e t a l  

e l emen t s . Al though new p ro t e in synth e s i s  i s  r equ i r e d for 

e nf l a g e l l a t i on ,  e s s en t i a l l y a ful l comp l emen t of  c e l l u l ar 

p ro t e i n s  i s  b e ing  s ynthe s i z e d  dur ing en f l ag e l l a t i on , 

i nd i c a t ing that  p r e ferent i a l  new s ynth e s i s  o f  one o r  a few 

p ro t e ins  i s  n o t  o c cur r ing and that the nu t r i t i ona l d epr i 

v a t i on u s e d t o  i n i t i a t e  th i s  d i fferen t i a t i on p r oc e s s  doe s 

n o t  r e s u l t in a g en e r a l  s hutdown o f  p r o t e i n  synthe s i s . 
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Un doub t e d ly , h owev e r , t h e r e  are new p r o t e i n  s p ec i e s  among 

the mu l t i t ude b e in g  s ynthe s i z e d  dur ing  enf l ag e l l a t i o n  o f  

N .  f owl e r i , probab ly  including tho s e  s t ruc tur a l  p o lypep 

t i de s f o r  wh ich de  novo s ynthe s i s  o f  p r o t e i n  ha s b e en 

d emons t rated  i n  N . irub e r i  [ ou t e r  doub l e t  and c en t r a l  p a i r  

f 1 ag e i l a r tubu l ins  ( 5 2 - 5 4 , 8 3 ) , dyne i n  ( 5 6 ) and ro o t l e t 

p ro t e in  (4 8 ) ] . 

S im i lar  p r o f i l e s  o f  p o lypep t i de s  a r e  o b s erved in  two -

d imens i onal  g e l s  o f  Na e g l e r i a  fowl e r i  p r o t e ins , whe t h e r  

v i s u al i z e d by s en s i t ive  s i lver  s ta in ing  (F i g . 4 3 )  o r  by 

a u t o r a d i o gr ams o f  the p o lyp ep t i d e s  l ab e l e d  w i th [ 3 5 S ] _ 
m e th i on ine dur ing  s ev e r a l  g ene r a t i ons o f  g r owth . The s e  

r e s ul t s ind i c a t e  that the p olypep t i de s  o f  N .  fow l e r i  h ave  

s im i l ar meth i on ine  c o n t en t s  and  that  e s t imat e s  of  amo un t 

o f  p o lyp ep t i de b a s ed  upon r a di o l ab e l e d  me t h i onine  a r e  

u s e fu l  ( 1 4 3 ) . Sev e r a l  p o lyp ep t i de s p e c i e s  a r e  abundant i n  

N .  fowl e r i ,  b e ing p re s ent  a t  an e s t im a t ed concent r a t i on o f  

1 0
8 

m o l e cul e s / ameb a .  Su ch an e s t ima t e  may b e  c a l c u l a t e d  

f r om t h e  fact  that  the me d i an p o lyp ep t i de h a s  a mo l e cu l a r  

4 . 
w e i g h t  o f  5 x 1 0  g /mo l e  and r ep r e s en t s  app roxima t e l y 1 0 % 

o f  t o t a l  c e l l p ro t e in . N .  fowl e r i  nN6 8 c e l l s  in s t a t i onary 

p h a s e c on t a in app roxima t e ly 1 8 0 - 2 0 0  pg o f  p r o t e i n  p e r  

ameb a ( 1 3 8 ) . Th e r e fo r e , 1 0 % o f  the p ro t e in ,  o r  2 0  p g , 

r e p r e s ents  2 . 4 x 1 0
8 

mo l e cu l e s  o f  5 0 , 0 0 0  �n� ( 5  x 1 0 4 

g / 6  x 1 0 2 3  m o l e cu l e s  = 2 x 1 0
- 1 1 g / 2 . 4  x 1 0 8 

mo l e c u l e s ) .  

Th e m o s t  abundant p o l yp ep t i de s  are  p r ob ab l y  s truc t u r a l  in  
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n a tu r e  and might b e  exp e c t e d  t o  b e  r e l a t iv e ly s t ab l e . Fo r 

e xamp l e , th e cy to s ke l e t a l  ameb o i d  mo t i l i ty s ys t em rema i n s  

p re s ent  i n � . g r ub e r i  f l a g e l l a t e s  ina smuch a s  reve r s i o n  t o  

ameb o i d  form and m o t i l i ty may o c cur a lmos t ins tant ly unde r 

v ar i ous  c ond i t ions  ( 4 9 ) . Th e maj o r i ty o f  t h e  p o l y p ep t i de s  

d e t e c t e d  i n  the g e l s  a r e  p r e s en t  a t  an e s t imat e d  1 0 3  t o  

1 0 4 m o l e cu l e s / ameb a a s  c al cu l a t e d  from the r ange  i n  amount s 

o f  i n d iv i dual  s p e c i e s , the e s t imat e d  p e r c e n t a g e  o f  r ad i o 

a c t ivi ty p r e s ent i n  the  mos t abundant s p e c i e s , and the  

amount of  total  p r o t e in p r e s en t  in  N .  fow l e r i  ameb a e  

( 1 3 8 ) . 

Th e prac t i c e o f  l o ad ing approx ima t e l y  c ons t an t  num 

b e r s  o f  c e l l  e qu iva l en t s  t o  the f i r s t - dimen s ion g e l , 

fo l l ow e d  by exp o sure o f  the  comp l e t e d  s l ab g e l s fo r 

v a ry in g  t ime  p e r i o d s  t o  y i e l d  a cons t ant p r o duc t o f  

r ad i o ac t ivi ty x t im e , a ids i n  n o rma l i z in g  f o r  chang e s  i n  

r ad i o  s p e c i f i c  a c t iv i ty w h i ch m i g h t  a ff e c t a l l  p o ly p ep t i de s  

e qu a l ly ( 6 9 ) . Comp ar i s on s  o f  aut o r a d i o g r ams may the r eby 

i de n t i fy s e l e c t ive  chang e s  ln  p o lypep t i de amount s  wh i ch 

o c cur  in  addi t i on t o  any g ener a l  e ff e c t s . Mo s t  o f  the  

p o lyp e p t i de s of  N .  fowl e r i , p r ev i ous ly r a d i o l ab e l e d  w i th 

[
3 5

S ] - me th i onine , are  no t p er c ep t i b ly chang e d  dur i n g  

e n fl ag e l l a t i o n  w i th r e s p e c t  t o  s ubun i t s i z e and ch a r g e , 

a n d  r e l a t i v e  amoun t ( 1 4 4 ) . Th e s e  r e s u l t s  indi c a t e  that  

m o s t  of  the  Na e g l e r i a  p r o t e ins exam in e d  a r e r e l a t i ve ly 

s t ab l e  dur ing en f l ag e l l a t i on and that  they a r e  n o t  c ova -

l en t ly m o d i f i e d  extens ive l y  dur ing d i f fe r en t i a t i on . 
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P a r t i c u l a r po lypep t i de s , howeve r ,  may b e  mo di f i e d  in b o th 

ameb ae  and fl a g e l l a t e s  by pho s pho ry l a t i on , ami d a t i o n , 

m e thy l a t i on ,  depho s phor y l a t i on , e t c . ( 3 9 , 1 1 1 , 1 3 9 ) . The 

s t e a dy - s t a t e  l ev e l  o f  a p o ly p ep t i d e  i s  general ly l ow e r  fo r  

p ro t e ins  who s e  d e g radat i o n  i s  r e l a t iv e ly r ap i d ( 9 2 , 1 0 4 ,  

1 0 5 ) , and i t  i s  the s e  p o lypep t id e s  wh i ch a r e  mo s t  r e spon 

s ive t o  env ironmen t a l  chan g e s  (1 4 ) . Many en zyme s and 

r egul a t o ry p ro t e in s , p ar t i cu l ar l y  tho s e  c r i t i c a l  to d i f 

f e r e n t i at ion , may b e  p r e s ent  a t  concen t ra t i ons l e s s than 

1 0
3 

mo l e cu l e s / am eb a ,  and the re fore  may no t have  b e en 

d e t e c t e d  i n  th i s  s tudy . 

A f ew p o lyp ep t ide s do d e c r e a s e in  amount , o r  van i sh , 

du r in g  e n f l ag e l l a t i on .  Pr e s umab ly the s e  p r o t e ins a r e  no 

l ong e r  n e e ded by c e l l s  in  a non - nu t r i t i ve e nv i r onment and 

c an b e  d e g r aded t o  supply the p r e curs o r s  and energy r e 

q u i r e d  fo r new macromo l e cu l ar s ynth e s e s . A c andi d a t e  fo r 

o n e  o f  t h e s e p o lypep t i d e s  i s  thym i d in e  k i n a s e ,  wh ich has  

b e e n  demon s t r a t e d  t o  de c re a s e in amount as  w e l l  a s  a c t i v -

i ty dur ing en f l ag e l l a t i on i n  N .  grub e r i  ( 1 1 , 2 4 ) . A few 

p o lypep t i de s app e ar in  en f l a g e l l a t in g  and non - en f l a g e l l a t 

i ng s t ra ins  o f  N .  fow l e r i , pre s umab l y  as  a c ons equenc e o f  

nut r i t i on a l  depr ivat i on . I t  i s  no t known whe th e r  the s e  

n ew p o lypep t i de s  r ep r e s ent newly synthe s i z e d  p o ly p ep t i de s  

o r  mo d i f i c a t i on o f  pr e - ex i s t ing p r o t e ins . Th e l a ck o f  any 

p re f e rent i a l  h i g h  l eve l o f  synthe s i s  o f  s p e c i f i c  p o lyp ep 

t i de s dur ing  e n f l a g e l l a t ion  argu e s  a g a i n s t the  fo rme r 
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a l t e rnat ive , p ar t i cu l ar ly s in c e  the  new s p e c i e s  a r e  o b 

s e rve d i n  f l ag e l l a t e s  fo rme d  from grow t h - l ab e l e d  ameb a e  i n  

t h e  ab s enc e o f  add i t i on a l  r ad i o l ab e l . N o  n e w  enfl a g e l l a 

t i on - r e l a t e d  p o lyp ep t i de s have b e en d e t e c t e d , ind i c a t ing 

t h a t  a numb e r  of  chan g e s  a s s o c i a t e d  w i th d i fferent i a t i on 

i n  Na eg l e r i a ,  a s  in  Saccharomy c e s  (1 2 6 ) , may invo lve  

r e gu l a t o ry p ro c e s s e s o th e r  than  exten s ive synthe s i s o f  

un i qu e  p r o t e ins ,  even though s ome n e w  p ro te ins  may b e  

n e c e s s ary ; f o r  examp l e , quant i t a t ive s h i f t s  ( 9 2 , 1 0 4 ) , 

r e d i s t r ibut i on w i th in the c e l l  ( 8 1 ) , o r  a l t e r e d  s up r a 

m o l e cu l a r  i n t e r ac t i on s , p ar t i a l  en zyma t i c  c l e avag e  o f  

p o lyp e p t i d e s  ( 3 9 , 9 0 ) , c o va l ent  mod i fi c a t i ons o f  p r o t e i n  

s p e c i e s  (4 3 , 5 7 , 8 5 ) , o r  s ome  c omb ina t i on o f  t he s e  p o s s i 

b i l i t i e s . I t  i s  a l s o  c onc e iv ab l e tha t t h e  non - en f l a g e l 

l at in g  var i ant i s  capab l e  o f  p r o du c ing mo s t  o f  the  p o l y 

p ep t i d e s  nece s s ary f o r  d i f f e r en t i at i on bu t i s  b l o ck e d  a t  

s ome c r i t i c a l  s te p  i n  s ubun i t  i n t e r ac t i on . Th e p r e s ence  

of  s om e  p o lyp ep t i d e s  in ameb a e  o f  the  non - en f l a g e l l a t ing 

s t r ain and in f l ag e l l a t e s , bu t ab s en t  l n  amebae  of  the  

e n f l ag e l l u t ing s t r a in ,  may ind i c a t e  that t h e  d i f fe r en t i a ·

t i on p ro g r am i s  p e r tu rb e d  in the var i ant  s t r a i n . 

Mo s t  o f  the  var i ab i l i ty in  t ime requi r e d for  d i f f e r 

e n t i a t ion  o f  N .  grub e r i  (due t o  cul ture  c o nd i t i on s , t em 

p e r a ture s , e t c . ) h a s  b e en a s c r i b e d  t o  t h e  e ar l y  s t ag e s  o f  

d i f f e r en t i a t i on ( 5 6 ) , p r i o r t o  t h e  t ime a t  wh i ch e s s ent i a l  

RNA s yn th e s i s  f o r e n f l a g e l l at i on i s  c omp l e t e d . Pe r t u r b a t i on 
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o f . !i .  g rub e r i  en f l ag e l l at i on by h e a t - sho ck ( 1 3 1  , r3 3 )  o r  

d i ffe rent i a t i on under  d i fferent  cond i t i on s  o f  g r owth and 

d i f fe rent i a t ion h a s  s hown that  the mac r omo l e cu l ar syn -

t he s e s  ma int a i n  ve ry f ixed  t emp o r a l  r e l at i on s h i p s  t o  one 

ano t h e r  and that the e s s en t i a l  RNA and pro t e in synth e s e s  

fo r s t ructural p ro t e ins o c cur r e l a t ively l a t e  in the  t ime  

c o ur s e  of  e n f l ag e l l a t i on ( 4 8 , 4 9 , 5 6 , 1 3 1 ) . The pro c e s s e s 

o th e r  than ext ens ive  macromo l e cu l a r  synthe s i s may th e r e -

f o r e  b e  a s ub s t ant i a l  p a r t  o f  the enf l ag e l l at i on r e s p ons e 

i n  Na e gl e r i a .  Fo r examp l e , covalent  mo d i f i c a t i on may b e  

r e s p on s i b l e  fo r the  reve r s ib l e  comp a r tmen t a l i z a t i on o f  

m o l e cu l e s  s uch a s  that  p o s tu l a t e d  for  p s i - f a c t o r  i n  c o n -

t ro l l i ng the r e g u l a t i on o f  c e l l  s hap e and mot i l i ty i n  N .  

grub e r i  (4 9 ) . Pr e l im in a ry s tudi e s  w i th p ho s phate - l ab e l e d 

N .  fowl e r i  amebae  h ave s hown that a numb e r  o f  chan g e s  in 

d i s t r i bu t ion o f  p r e - l ab e l e d  pho s phop r o t e ins  on two - d imen 

s i on a l  g e l s  o c cu r s  dur ing en f l ag e l l a t i on . Al though many 

o f  t h e  l ab e l e d  pho s phopro t e ins co - m i g ra t e d  w i th 1
3 5

S ] _ 

l ab e l e d  p o l ypep t i d e s , no t a l l  d i d  and s eve r a l  o f  the  maj o r  

c h an g e s  cann o t  b e  c o r r e l a t e d  w i t h  chang es  i n  [
3 5

S ] - me th i o -

n i n e - l ab e l e d  p r o t e i n s . Pe r h ap s t h e s e  chang e s  r e f l e c t  

t ho s e i n  c ruc i al r egul a t o ry mo l e c u l e s  p r e s ent i n  t o o  l ow 

a n  abundanc e  t o  b e  s e en in  the [
3 5

S ]  p a t t e rns . C l e a r ly , 

a dd i t ional  s tudy i s  n e e d e d  t o  e luc i d a t e  the c on t r i b u t i ons 

o f  c ova l ent  mo d i f i ca t i on p ro c e s s e s  t o  the en f l ag e l l a t i on 

p ro c e s s  i n  !i. fowle r i . 
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Qu ant i t a t ive ana l y s i s  o f  auto radi o g r ams o f  s amp l e s  

f rom ameb ae and f l ag e l l a t e s  d i s c l o s e s  c o rr e l a t i ons amon g  

ch a r g e , s i z e a n d  amount o f  p o lyp ep t i de t h a t  a r e  no t ev i 

d e n t  from v i sual  exam inat i on o f  the auto r a d i o g rams . 

Exp e r i ence  g a i n e d  from contour ing the  p r i n t outs  o f  s p o t s  

o n  many g e l s h a s  b e e n  invaluab l e  i n  gui d i n g  the s e l e c t i on 

o f  m i n imum v a lue s b e l ow wh i ch the  c ompu t e r  p r o g r am do e s  

n o t  i n c lude d a t a  for  summa t i on .  Manua l  c o n t ouring a l s o  

a l l ows f o r  rep roduc ib l e  enume r at i on o f  f a i n t  s p o t s  w i tho u t
" 

t h e  i n ev i t ab l e d i f fe r enc e s  in v i ewer d e t e c t i on dur ing 

v i su a l  examina t i on of  auto r a d i o grams . Oc c a s iona l l y  au t o 

r ad i o g rams o f  g e l s are  obs e rve d t o  h ave v i s u a l ly n o t i c e 

a b l e  d i ffe ren c e s  i n  f i lm b ackg r ound wh i ch r e s u l t  ln 

b r oadened  h i s t o g ram b a ck g round p eaks  or  doub l e t  p e ak s . I n  

t he s e  i n s t ance s ,  f a in t  s p o t s  i n  are a s  of l i gh t e r  b a ckground 

h av e  dens i ty r e a d i n g s  wh i c h  are e qual  t o , or l e s s  than , 

t h e  b ackg round i n  the d a rke r a r e a s . The s e  aut o r a d i o g r ams 

a re un s u i t ab l e  for analy s i s  by our metho d s  b e c aus e mean 

b ackg round s ub t r ac t i on w i l l  d e l e t e  da t a  for faint s p o t s  in  

l i g h t e r  areas  and  w i l l  f a i l t o  e l im in a t e  the  b ackg round i n  

d a rke r a r e a s . Fo r the  mo s t  p ar t , uni fo rm b a ckg rounds i n  

auto radi o g r ams are  ob t a in e d  a n d  a c cur a t e  d i s c r imina t i on 

v a lu e s  f o r  b a ckg r ound and fo r quan t i t a t i on purp o s e s  are  

e as i l y  de f i ne d . On ly auto  r a d i o g r ams me e t i n g  the s e  c r i 

t e r i a h ave b e e n  u s ed  i n  our ana l y s e s . 
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Po lypep t i de s hav ing mo l e cu l a r s i z e s  b e tween  6 0  t o  1 0 0  

k i l o d a l t ons and p I  v alu e s  ab o ve 6 . 3 b e c ome  r e l a t iv e ly mo r e  

a bund ant dur ing d i f fe rent i a t i on than tho s e  2 0  t o  6 0  k i l o 

d a l t on s  in s i z e and w i th p I  v a l u e s  b e l ow 6 . 3 .  P o s s ib l e  

e xp l anat i on s  f o r  the ob s e rve d r e s u l t s  inc lude a )  a n  in 

c r e a s e  i n  the  r a t e  o f  synthe s i s o f  l ar g e r , mor e  n eu t r a l  

p o l yp e p t i de s  r e l a t iv e  t o  t h a t  o f  s ma l l e r , mo re  a c i di c 

p o lyp e p t i de s ; b )  a d e c re a s e  in the r a t e  � f  de g ra da t i on o f  

l arg e r ,  mo r e  neu t r a l  p o lypep t i de s  r e l a t ive  t o  tha t o f  

s m a l l e r , more ac i d i c  p o l yp ep t i de s ; and c )  an enr i chment  o f  

l arge r , mo r e  neu t r a l  p o lypep t i des  a s  a r e s u l t  o f  s e l e c t iv e  

e xp o r t  o f  smal l e r ,  m o r e  ac i d i c  p o lypep t i de s  dur ing enfl a 

g e l l a t i on ,  p erhap s b y  the  vacu o l e  expu l s i on obs e rv e d  in 

t Il e  mo rpho l o g i c a l  s tud i e s . In add i t i on ,  the amount o f  

p o lyp e p t ide  p e r  s p o t  i n  the s i z e  r ang e o f  4 0  t o  6 0  k i l o 

d a l t on s  i s  g r e a t e r  i n  b o t h  ameb a e  and f l a g e l l a t e s  than 

o th e r  mo l e cu l a r  s i z e  c l a s s e s . It i s  no t known a t  th i s  

t ime whe ther  the  h i gher  l eve l s  achi eved by p ar t i cu l a r  

p o lypept i de c l as s e s  r e fl e c t  fas t e r  r a t e s  o f  syn t h e s i s , 

s l owe r r a t e s  o f  d e g rada t i on o r  b o th . 

Ou r d a t a  i nd i c a t e  that  s i z e and charg e are  n o t  en 

t i re l y  i ndep enden t  var i ab l e s  as  p r o p o s e d  by s ome  wo rk e r s  

( 3 2 , 3 4 , 6 2 ) . A c o r r e l a t i on b e twe e n  mo l e c u l a r  s i z e and 

c h a r g e has a l s o  b e en rep o r t ed p r evi ous ly by o t h e r  inv e s 

t i g a t o r s  us ing s ev e r a l  d i f fe r en t  eukary o t i c  mo de l s  (4 2 ,  

9 9 ) .  Th e d i r e c t i o n  o f  the c o r r e l a t i on ob s e rved  fo r 



1 9 6  

who l e - c e l l  Na e g l e r i a p o lypep t i d e s i s  the oppo s i t e  o f  th a t  

o b s e rv e d  for  s o lub l e  p r o t e ins in mamma l i an c e l l s . In  

Na e g l e ri a ,  l arge  p o lypep t i de s t end to  hav e n eu t r a l  p I  

v a lue s and sma l l  p o l y p ep t i de s  t end t o  have a c i di c p I  

v a l ue s , whe rea s the o pp o s i t e  i s  t rue for  s o lub l e  l iver 

p r o te ins  (4 2 , 9 9 ) . Th e s e  d i f fe r enc e s  may r e f l e c t  di f fe r 

e nc e s i n  d e t e rminat ive p ro p e r t i e s  f o r  d e g r a d a t i on wh i ch 

e xi s t  l n  di fferen t  func t i ona l  c omp a r tm en t s  o f  the c e l l ; 

f o r  examp l e , hydr ophob i c  memb r ane env i ro nmen ts ve r s u s  

hydroph i l i c s o lub l e  c ompar tmen t s  ( 1 2 7 ) . 

Summ ary 

T h e  r e sul t s  o f  th e s e  s tud i e s  w i th N .  fow l e r i enfl ag e l 

l a t i on have g iven add i t ional  in s i ght s and p o s e d s ig n i f i 

c an t  que s t ions  r e g arding tho s e  mechani sms by wh ich the s e  

eukaryo t i c  p ro t i s t s  a c c omp l i s h  the drama t i c  conve rs i on 

f rom amebae  t o  f l a g e l l at e s . Th e natu r e  o f  the cue s  wh i ch 

s t imu l a t e  enflag e l l a t i on a r e  i n  p a r t  known , but d i f f e r 

e nc e s  b e tween the e ff e c t s  o f  p opul a t i on a g e  and c e l l  

d en s i t y  up on N .  f ow l e r i  v e r s us N .  g rub e r i  e n f l ag e l l a t i on 

s ug g e s t  that th e  c e l l s  n o t  onl y  r e s p ond t o  a d e c l ine  in 
c on c en t ra t i on of s ome fac t o r ( s ) p r e s en t  l n  t he growth 

m e d i um but  may r equ i r e  p r i or achi evemen t o f  a s t a t e  o f  

e n fl ag e l l a t i on - "c omp e tenc e . " N .  fowl e r i  ameb a e  i n  

l a t t e r  s t ag e s  o f  the g r owth pha s e  exh ib i t  th i s  comp e t en c e  

and  s ub s tanc e s  i n  the i r  cu l t ure med ium c an a c t i v a t e  s p ar s e ,  

g rowing c u l tur e s  t o  en f l a g e l l a t e , whe r e a s  N .  grub �r i 
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ameb a e  app e ar t o  b e  comp e t ent  throughout g rowth . The 

n a ture  o f  s uch c omp e t ency fac t o r s , the i r  e ffe c t s  on  c e l l s  

p r i o r  t o  nutr i en t  remov a l  and the i r  appa r ent  d i f f e r en t i a l  

e xp re s s i on i n  N .  g rub er i  and N .  fowl e r i  a�a i t  fur th e r  

s tud i e s  wh i ch might  p r ov i de inte r e s t ing  c lu e s  a s  t o  wh i ch 

m e ch an i sms a r e  i nv o l ve d  in the  r e s p ons e t o  the d i f f e ren 

t i a t i on cues . 

On c e  the comp e t en t  ameb a e  have b e en was h e d  fr e e  o f  

nut r i en t s , a s ub s t an t i a l  numb e r  o f  phy s i o l o g i c a l  chang e s  

e n s u e , many o f  wh i ch n o  doub t p e r t a in t o  the  s t arva t i on 

s i tu a t i on ,  o th e r s  wh i c h  b e g in t o  d i r e c t  the exp re s s i o n  o f  

t ho s e  g ene s and g ene  p ro duc t s  r e qu i r e d  for  the conve r s i on 

o f  c e l l  m e t abo l i sm ,  shape  and mot i l i ty t o  that  o f  th e 

f l ag e l l a t e  s t at e . To an ex t en i , tho s e  changes  wh i ch ens ue  

f r om s t a rvat i on may  b e  l arg e l y , and  natural l y , i n t e r tw i n e d  

w i th tho s e  requi r e d  f o r  en f l ag e l l a t i on .  The var i ous  

p r o c e s s e s of  macrom o l e cu l a r  modi f i c a t i on , compartme n t a l i 

z a t i on ,  s e cr e t i on and d e g r a da t i on may s e rve the c e l l ' s  

e ne rgy n e e d s  a s  w e l l as  e l imina t ing unne c e s s ary / h armfu l 

e n z yme s and s ynth e s i z in g  more u s e fu l  p ro du c t s  for  the  new 

s t a t e . An ent i r e  c omp l emen t of c e l l u l a r  p o lyp ep t i d e s , 

v e ry s im i l ar t o  t ha t  ex i s t ing i n  growing ameb a e , c o n t i nu e s  

t o  b e  s ynthes i z e d  dur ing en f l a g e l l at i on o f  N .  fow l e r i . 

Th e s yn t he s i s , dur ing N .  grub e r i  en f l ag e l l a t i on ,  o f  th e 

m a j o r  s t ructural  p r o t e ins  o f  the f l ag e l l a r  ap p a r a tu s  and 

m i c r o tubu l a r  cy t o s ke l e t on has b e en ,,, e l l  s t ud i e d . Th e s e  
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c h ang e s , howev e r , m i ght b e  among the f ew l ar g e  s ca l e  

c hang e s  i n  s p e c i f i c  p ro t e in s ynthe s e s , othe r nece s s a ry 

e vent s b e ing a c c omp l i shed  by c hang e s  i n  a c t i v i ty o r  l o c a 

t i o n  b ro ught about b y  the a fo r ement i on e d  p r o c e s s e s . The 

l ack o f  de t e c t i on o f  new p o lyp ep t i de s  s p e c i f i c a l ly r e l ai e d  

t o  e n f l age l l a t i on i s  p o s s ib l y  due t o  t h e  f a c t  tha t new 

p o lyp e p t i de s  p r e s en t  in  s u f f i c i en t  abundanc e  t o  be o b 

s e rve d  i n  th i s  s urvey a r e  l i ke ly s t ruc tur a l  and may ve ry 

w e l l  b e  synthe s i z e d  as we l l  in non- en f l a g e l l at i ng ame b ae 

as  i n  f l ag e l l a te s . Th e d e fe c t  in the  non - e n f l a g e l l a t ing 

c e l l s  i s  then p o s tu l a t e d  to r e s i d e  i n  e i th e r  an i n ab i l i ty 

t o  p r o duce  a l ow abundance (n on - de t e c t e d )  p o lypep t i d e  

n e c e s s ary f o r  p ro p e r  a s s emb ly o f  the synthe s i z e d  s t ruc 

t ur a l  e l emen t s  o r  in  s om e  o thei o f  the  r e g u l a t o ry p r o 

c e s s e s c ontr ibut ing t o  enf l ag e l l a t i o n . Exp e r imen t s  wh i ch 

d e t e rmine the ex t e n t  o f  d i f f e r en t  typ e s  o f  p ro t e i n  mo d i 

f i c a t i ons  o ccur r 1ng  in d i fferent  s t r a i ns , o r  in d i f f e r en t  

" c omp e t ency" s ta t e s  o f  t h e  s ame s t r a i n , may p ro v i d e  c l u e s 

t o  t h e  r e l e vant d e fe c t s  in non- en f l ag e l l a t ing ameb a e  and 

t hu s  incre a s e th e unde r s tanding o f  t h e  normal enf l a g c l l a 

t i on . Th e p ar a l l e l  ob s e rved  b e twe en �. f ow l e r i  a n d  h e a t 

s ho ck e d  N .  grub e r i  w i t h r e s p e c t  t o  the  ex t en d e d  t ime f o r  

enfl age l l a t i on a n d  the  q�i ck reve r s i on o f  f l a g e l l a t e s  

s ugg e s t s  that  a s e arch  b e  made fo r the  p o s tu l a t e d  " l ab i l e  

c omp onent , "  wh i c h  may a l s o  b e . the  s ource  o f  var i ab i l i ty in 

e n f l ag e l l a t i on o f d i ffe rent  N .  fow l e r i  s t r a ins .  I t  s e em s  
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a pp r opr i a t e  that  the s tudy o f  en f l ag e l l a t i on in Nae g l e r i a  

s h ou l d  b e  made an int e r s p ec i e s  s tudy , with  the ab i l i ty t o  

c omp a r e  almos t i d ent ic a l  mo rpho l o g i c a l  ch ang e s  o c curr ing  

unde r apparen t ly d i f fe r ing regul at i on . For  examp l e , the 

m o rpho l o g i c al s equen c e s  o f  N .  fowl e r i  en f l ag e l l a t i on 

a pp a r e n t ly p rovi de ev i denc e s howing that  the p r o l onged  

r ound s t ag e of  �.  grub e r i  is  no t a r equi s i t e  for c e l l s  t o  

chan g e  from the ameb o i d  mo t i l i ty .sys t em t o  the mi c r o 

t ubu l a r  cy t o s ke l e ton o f  f l ag e l l a t e s . The synchronous and 

r ap i d  comp l e t i on ,  in a p opu l a t i on o f  b io ch em i c a l l y  man i 

pul ab l e  c e l l s , o f  s uch co o r d in a t e d  s equen c e s  o f  o r g an e l l a r  

a s s emb l i e s  i n  the ab s en c e  o f  exog enous nut r i en t s  o f f e r s  an 

e x c e l l ent  opportun i t y  for  s tudi e s  o f  c o o r d i n a t e d  r e gu l a 

t i on o f  exi s t ing macromo l e c ul e s  and new g en e exp r e s s i on .  

Th e s e  p ro c e s s e s  a r e  the  e s s en t i a l  comp onents  o f  any s cheme 

p rop o s e d  to  account for  c e l lular  d i f f e r en t i a t i on ; th e r e 

f o re , the enfl ag e l l a t i on o f  Na eg l e r i a  s p e c i e s , a s  a gr oup , 

s ho u l d  b e  c ons i d e r e d  an exc e l l en t  mo de l s y s tem fo r eukar 

y o t i c  c e l l  d i f fe rent i a t i on .  
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Sup p l : 1 9 - 2 0 .  

7 .  Ba l amuth , W .  1 9 6 5 . Amo eb o - f l ag e l l a te t r ans f o rma t i on 
a s  a mode l o f  rever s ib l e  cy t o - d i f ferent i a t i on . Pr og . 
P r o t o z o o l . Pr o c . In t . Cong r .  Pro to z o o l , p .  4 0 . 

8 .  B a n d , R . N . , and W .  B a l amuth . 1 9 7 4 . Hem in r e p l a c e s  
s e rum a s  a growth r e qu i rement f o r  Nae g l e r i a . App l . 
M i c r ob i o l . 2 8 : 6 4 - 6 5 . 

9 .  Ba r th , L . G . , and L . J .  Bar th . 1 9 7 4 . I o n i c  r e gul a t i on 
o f  emb ryoni c i nduc t i on and c e l l  d i f f e r ent i a t i on in 
Rana p ip i en s . Deve lop . Bi o I . 3 9 : 1 - 2 2 .  

1 0 . Boh l ey ,  P . , and S .  Ri emann . 1 9 7 7 . I n t r a c e l l u l a r  
p r o t e i n  c a t ab o l i s m . I X . Hy dr ophob i c i ty o f  sub s t r a t e  
p r o t e ins  i s  a mo l e cu l ar b a s i s o f  s e l e c t iv i ty . Ac t a  
B i o I . Me d .  Ge rm .  3 6 : 1 8 2 3 - 1 8 2 7 . 

1 1 . Bo I s , N . C . , S .  Co r f f ,  and S .  Yuyama . 1 9 7 7 . Rap i d  
d e c l in e  i n  thymi d i n e  kinas e a c t iv i ty dur ing d i f f e r 
e nt i a t i on o f  Na e g l e r i a . J .  Ce l l  Phy s i o l . 9 0 : 2 7 1 - 2 8 0 .  
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1 2 . Bond , J . S .  1 9 7 5 . Re l a t i on sh i p  b e twe en inac t iv a t i on 
o f  an enzyme by a c i d  o r  ly s o s omal ext r a c t s  and i t s  in 
v ivo d e g rada t i on ra t e . Fe d .  Pro c . 3 4 : 6 5 1 .  

--

1 3 . Bo s s ing er , J . , M . J .  Mi l l e r , K . - P . Vo ,  E . P .  G e i dus chek , 
and  N . - H .  Xu ong . 1 9 7 9 . Quant i t a t ive  analy s i s  o f  
t wo - d imens i on a l  e l e c t roph e r og rams . J .  B i o I . Chern . 
2 5 4 : 7 9 8 6 - 7 9 9 8 .  

1 4 . Br a d l ey , S . G .  1 9 8 1 . Po s t - t r ans c r ip t i on a l  regul a t i o n  
o f  met abo l i c p ro c e s s e s  in  ac t i nomyce t e s , p .  3 6 7 - 3 7 8 . 
I n  Ac t inomyc e t e s . K .  Scha a l  and G .  Pu l ve r e r  ( e d . ) .  
Gu s t av Fi s che r Ve r l ag , Stut t g ar t , Ge rmany . 

1 5 . Bu t t , C . G . , C .  Ba ro , and R . W . Kno r r . 1 9 6 8 . Naegl e r i a  
( s p . )  i den t i f i ed i n  ameb i c  enc ephal i t i s . Am .  J .  
C l in . Patho l . 5 0 : 5 6 8 - 5 7 4 . 

1 6 . C a r o s i ,  G . , M .  S c a g l i a , G .  Fe l i c e , and E .  Wi l l ae r t . 
1 9 7 7 . A c omp arat ive e l e c t ron mi c r o s cop i c  s tudy o f  
a x en i c a l ly cu l t iva t e d  t ropho z o i t e s  o f  f r e e - l iving 
amo ebae  of the  g enu s Ac anthamo eba  and Naegl e r i a  w i th 
s p e c i a l  re f e r enc e t o  the s p e c i e s  N .  g rube r i  ( S c h ar 
d in g e r , 1 8 9 9 ) , N .  fowl e r i  ( Ca r t e r� 1 9 7 0 ) and N .  
j ad i n i  (Wi l l a e r t  a n d  Le Ray , 1 9 7 3 ) . Arc h . ProTi s t enk d . 
1 1 9 : 2 6 4 - 2 7 3 . 

1 7 .  Ca r t e r , R . F .  1 9 7 0 .  De s c r ip t ion  o f  a Nae g l e r i a  s p . 
i s o l at e d  from two c a s e s  o f  p r imary amo ebic men i n g o 
e n c ephal i t i s , and the exp er imen t a l  p atho l o g i c a l  
c hang e s  i nduc ed b y  i t . J .  Patho l . 1 0 0 : 2 1 7 - 2 4 4 . 

1 8 . Ca r t e r , R . F .  1 9 7 2 .  Pr imary amo eb i c  m e n ingoenc e ph a 
l i t i s . An appra i s a l  o f  pr e s en t  know l e dg e . Trans . 
Roy .  So c .  Tr op . Me d .  Hy g .  6 6 : 1 9 3 - 2 1 3 .  

1 9 .  Ce rva , L . , V .  Z i mak , and K . Novak . 1 9 6 9 . 
m eningoencepha l i t i s : a new amo e b a  i s o l a t e . 
1 6 3 : 5 7 5 - 5 7 6 .  
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2 0 .  Chang , S . 1 .  1 9 5 8 . Cy t o l o g i c a l  and  e c o l o g i c a l  o b s e r 
v a t i ons o n  t h e  f l a g e l l a t e  t r an s f o rma t i o n o f  N a e g1 e r i a  
&rub e r i . J .  Gen . Mi c r o b i o l . 1 8 : 5 7 9 - 5 8 5 .  

2 1 .  Ch ang , S . L .  1 9 7 1 . Sma l l , fre e - l i v ing ameb a s : c ul t i 
v a t i on , quant i t a t i o n ,  i dent i f i c a t i on ,  c l a s s i f i c a t i on , 
p a thogene s i s , and r e s i s t anc e , p .  2 0 1 - 2 5 4 .  I n  Curr ent 
To p i c s  i n  Comparat ive Pa tho b i o 1 o gy , T . C .  Che n g  ( e d . ) ,  
Vo l . 1 .  Ac adem i c  P r e s s , I nc . , New Yo r k . 
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2 2 . Chang , S . L .  1 9 7 4 . Et i o l o g i c a l , p a t ho l o g i c a l , e p i 
d em i o l o g i c a l and d i agno s t i c a 1  cons i d e r a t i o n s  o f  
p r imary amo eb i c  meningo enc eph a l i t i s . CRC Cr i t . Rev . 
Mi c r ob i o 1 . 2 : 1 3 5 - 1 5 9 .  

2 3 .  Cheng , 
1 9 7 8 . 
mut ant 
t i on . 

Y . - S . E . , P .  F i t z - Jone s , and A . I .  Aron s on . 
Ch a r ac t e r i z a t i on o f  a Bac i l l u s c e reus p r o t e as e 
de f e c t ive in  an e a rly  s ta g e  <:>T s p o r e  g e rm i n a 

J .  Ba c t er i o 1 . 1 3 3 : 3 3 6 - 3 4 4 . 

2 4 . C o r ff , S . , and S .  Yuyama . 1 9 7 8 . Rap i d  chang e s  in 
the thym i d ine  k in a s e  a c t i v i ty o f  Na e g1 e r i a  induc e d  t o  
d i ffe rent i a t e  and r ever t und e r  g rowt h c ondi t i on s . 
Exp . Ce l l  Re s .  1 1 4 : 1 7 5 - 1 8 3 .  

2 5 .  Cu lbe r t s o n ,  C . G .  1 9 7 1 . Th e p atho g en i c i ty o f  s o i l  
amebas . Ann . Re v .  Mi c r ob i o l . 2 5 : 2 3 1 - 2 5 4 .  

2 6 .  Cur s ons , R .  1 . M . , and 1 . J .  Brown . 1 9 7 6 . Ident i f i c a 
t i on and c l a s s i f i c a t i on o f  the a e t i o 1 o g i c a 1  ag ent s o f  
p r imary ameb i c  men i ng o enc epha l i t i s . NZ J .  Mar . 
F r e s hw a t e r  Re s .  1 0 : 2 4 5 - 2 6 2 . 

2 7 .  Cu r s ons , R . T . M . , and T . J .  Br own . 1 9 7 8 . U s e  o f  c e l l  
c u l tur e s  a s  a n  i nd i c a t o r  o f  p atho g en i c i ty o f  fr e e 
l iving ameb ae . J .  Cl in .  Patho 1 . 3 1 : 1 - 1 1 .  

2 8 . Cur s ons , R . T . M . , T . J .  Br own , E . A . Key s , K . M . Mo r i arty , 
and D .  Ti l l . 1 9 8 0 . Immun i ty t o  p a tho g en i c  f r e e 
l iv ing amo eb a e : r o l e  o f  humo r a l  ant i b o dy . I n f e c t . 
Immun . 2 9 : 4 0 1 - 4 0 7 . 

2 9 .  DeJonckhe e r e , J .  1 9 7 7 . Us e o f  an axen i c  me dium f o r  
d i fferent i a t i on b e tween p a th o g en i c  a n d  non - p a tho g en i c 
Naeg1 e r i a  f ow1 e r i  i s o l a t e s . App l .  Env i ron . M i c r ob i o l . 
3 3 : 7 5 1 - 7 5 7 . 

3 0 . DeJo nckhe e r e , J .  
Na eg1 e r i a  f ow1 e r i . 

1 9 7 9 .  D i f f e r enc e s  i n  v i ru l en c e  o f  
Pa t ho 1 . B i o I . 2 7 : 4 5 3 - 4 5 8 . 

3 1 . DeJonckh e e r e , J . , D .  Van D i j ck , and H . Van de Vo o r de . 
1 9 7 4 . Ev a l u a t i on o f  the i nd i r e c t  fluo r e s cent - ant i b o dy 
t e chn i que fo r ident i f i c a t i on o f  Nae gl e r i a  s p e c i e s . 
Ap p l . Mi c r ob i a l . 2 8 : 1 5 9 - 1 6 4 . 

3 2 . Di c e , J . F . , and A . L .  Go l dberg . 1 9 7 5 . Re l a t i ons h ip 
b e twe en in v ivo d e g rada t ive r a t e s  and i s o e l e c t r i c  
p o in t s  o�p ro t e i n s . Pr o c . Na t l .  Ac a d . Sc i . USA 
7 2 : 3 8 9 3 - 3 8 9 7 .  
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3 3 . D i c e , J . F . , P . J .  De hl inger , and R . T .  Sch imk e . 1 9 7 3 .  
S t ud i e s  on t he c o r r e l a t i on b e twe en s i z e  and r e l a t ive  
d e g rada t i on r at e  o f  s o l ub l e  p ro t e ins . J .  B i o I . Ch ern . 
2 4 8 : 4 2 2 0 - 4 2 2 8 . 

3 4 . Di c e , J . F . , E . J .  He s s , and A . L .  Go l db e rg . 1 9 7 9 . 
S t u d i e s  on the  r e l at i ons h i p  b e tween the  degradat ive 
r a t e s  of p r o t e in s  in  v i vo and the i r i s o e l e c t r i c  
p o i n t s . B i o chem . J .  1 7 8 : 3 0 5 - 3 1 2 . 

3 5 . D i ng l e , A . D .  1 9 7 0 . Con t r o l  o f  f l a g e l l um numb e r in 
Na e g l e r i a : Temp e r a ture shock i nduc t i on of mul t i 
fl a g e l l a t e  c e l l s . J .  Ce l l  Sc i .  7 : 4 6 3 - 4 8 1 . 

3 6 . D i ng l e , A . D .  1 9 7 7 .  Ce l l  d i fferent i a t i on i n  Na e gl e r i a , 
p .  9 7 - 1 2 7 .  In Euka ryo t i c  Mi c r ob e s  as  Mo d e l  Dev e l o p 
mental  Sy s t ems . D . H .  O I Day and P . A . Ho r g en ( e d s . ) .  
Ma r c e l l De kke r ,  In c . , New Yo rk . 

3 7 .  D i ng l e , A . D . , and C .  Fu l t on . 1 9 6 6 . Deve l opmen t  o f 
t h e  f l a ge l l ar appar atus o f  Na eg l e r i a . J .  C e l l B i o I . 
3 1 : 4 3 - 5 4 .  

3 8 . Dowb enko , D . J . , and H . L .  Enn i s . 1 9 8 0 . Re gul a t i on o f  
p ro t e in s ynth e s i s  dur ing s p o r e  g e rmina t i on i n  D i c to y o 
s t e l ium d i s c o i d eum .  Pr o c  . .  Na t 1 . Ac ad . Sc i . USA 
7 7 : 1 7 9 1 - 1 7 9 5 . 

3 9 .  Dr eyfus , J . C . , A .  Kahn , and F .  Schap i r a . 1 9 7 8 . 
Po s t - trans l a t i on a l  mo d i f i c a t i ons o f  en z yme s . CurT . 
T o p . Ce l l  Re gul . 1 4 : 2 4 3 - 2 9 7 . 

4 0 . Duma , R . J . , H . W .  Fe r r e l l , E . C .  Ne l s on , and M . M .  
J o n e s . 1 9 6 9 .  Pr imary ameb i c  men ingo encepha l i t i s . 
N .  En g l . J .  Me d .  2 8 1 : 1 3 1 5 - 1 3 2 3  . 

4 1 . Duma , R . J . , W . I .  Ro s enb lum , R . F .  McG eh e e ,  M . M .  Jon e s , 
and  E . C .  Ne l s on . 1 9 7 1  . .  Pr imary ameb i c  men ing o en c e 
p h a l it i s  c au s e d  b y  Na egl e r i a . Two new  ca s e s ; r e 
s po n s e  t o  ampho t e r i c in B and a r ev i e w . Ann . I n t e rn . 
1'-'le d • 7 4 : 9 2 3 - 9 3 1 . 

4 2 . Duncan , W . E . , M . K .  Of fe rmann , and J . S .  Bond . 1 9 8 0 . 
I n t rac e l lu l ar turnover o f  s t ab l e  and l ab i l e s o lub l e  
l i ver  p r o t e ins . Ar ch . B i o chem . B i o phy s . 1 9 9 : 3 3 1 - 3 4 1 . 

4 3 . En g e lb re c h t , H . L . , and H . L .  Sado f f . 1 9 6 9 . P r op e r 
t i e s  o f  purine  nuc l e o s i d e  pho sphory l a s e s  from s p o r e s  
a n d  vege t at i ve c e l l s  o f  Ba c i l lus c e r eu s  a n d  the i r  
m o d i f i c a t i o n  b y  o r thopho s pha t e . J . B io I . Ch e rn . 
2 4 4 : 6 2 2 8 - 6 2 3 2 . 
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4 4 . Ev e ry ,  D . , and J . M . As hwo r th . 1 9 7 5 .  Ra t e s  o f  d e g ra 
d a t i on and s ynth e s i s  o f  g ly co s i da s e s  de novo du r i n g  
g rowth a n d  d i f fe r en t i a t i on o f  Di c ty o s tefiWild i s co i d e um . 
B i o chem . J .  1 4 8 : 1 6 9 - 1 7 7 . 

4 5 .  Fu l t on , C .  1 9 7 0 .  Amebo - fl ag e l l a t e s  a s  r e s e arch 
p a r tne r s : t he l ab o r a to ry b i o l o g y  o f  Nae g l e r i a  and 
Te t r am i tus , p .  3 4 1 - 4 7 6 . I n  Me tho ds i n  Ce l l  Phy s i o -'  

l o gy ,  Vo l .  4 .  D . M .  Pr e s co t t  (e d . ) .  Ac adem i c  Pre s s , 
I n c . , New Yo rk . 

4 6 . Fu l t on ,  C .  1 9 7 2 . Early event s  o f  c e l l d i f f e r e n t i a 
t i on i n  Na eg l e r i a  g rub e r i : Syne r g i s t i c  con t r o l by 
e l e c t r o ly t e s and a fac t o r  from y e a s t e x t r ac t . D eve l op . 
B i o I . 2 8 : 6 0 3 - 6 1 9 . 

4 7 .  Fu l t on , C .  1 9 7 4 . Ax en i c  cul t i vat i on o f Na e g l e r i a  
g rub e r i : Re qu i r emen t for  me t h i on i n e . Exp . C e l l  Re s . 
8 8 : 3 6 5 - 3 70 .  

4 8 . Fu l ton , C .  1 9 7 7 .  Ce l l  di f f e r en t i a t i on i n  Na e g l e r i a  
g rub e r i .  Ann . Rev . Mi c rob i o l . 3 1 : 5 9 7 - 6 2 9 . 

4 9 .  Fu l t on , C .  1 9 7 7 . In t r a c e l lu l a r  r e g ul a t i on o f  c e l l  
s hape and mo t i l i ty i n  Na eg le r i a .  F i r s t  ins i g h t s  and 
a work ing hyp o the s i s . J .  Sup ramo l .  S t ruc t . � : 1 3 - 4 3 . 

5 0 . Fu l t on , C . , and A . D .  Ding l e . 1 9 6 7 . App earance  o f  
t h e  f l ag e l l a t e  pheno typ e in p opul a t i on s  o f  Nae g l e r i a  
amebae . De v e l op . B i o I . � : 1 6 5 - l 9 l . 

5 1 . Fu l t on ,  C . , and A. D . Ding l e . 1 9 7 1 . Ba s al b o d i e s , 
b u t  n o t  c en t r i o l e s , in  Na e g l e r i a . J .  Ce l l  B i o I . 
5 1 : 8 2 6 - 8 3 6 .  

5 2 . Fu l t on , C . , and J . D .  Kow i t .  1 9 7 5 . Pr o g ramme d s yn 
t h e s i s  o f  f l ag e l l ar tubu l in  dur ing c e l l  di f f e r e n t i a 
t i on i n  Na e g 1 e r i a .  Ann . ' N . Y .  Ac ad . Sc i . 2 5 3 : 3 1 8 - 3 3 2 . 

5 3 .  Fu l t on , C . , and P . A . Si mp s on . 1 9 7 6 . S e l e c t ive  
s yn the s i s  and  u t i l i z a t i on of  fl a g e l l ar tubu l i n . The 
mul t i - tubu l i n hyp o the s i s , p .  9 8 7 - 10 0 5 .  In Ce l l  
Mo t i l i ty , Vo l .  3 .  R .  G o l dman , T .  Po l l a ra, and J .  
Ro s enb aum (e d s . ) .  Co l d  Sp r in g  Harbo r Lab o r a t o ry , New 
Y o r k . 

5 4 . Fu l t on , C . , and P. A .  Simps on . 1 9 7 9 .  Tubu l i n p o o l s , 
s ynthe s i s  and ut i l i z a t i on , p .  1 1 7 - 1 7 4 , 5 3 1 - 5 7 3 . In  
M i c r o tubu l e s . U .  Rob e r t s  and  J . S .  Hyams ( e d s . ) .  -

Ac adem i c  Pr e s s ,  I nc . , New Yo rk . 
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5 5 . Fu l t on , C . , P . A . S i mp s on , and E . Y .  La i . 1 9 7 8 . 
Re gul a t i on o f f l ag e l l a r  tubu l in synthe s i s in Na eg l e r i a , 
p .  3 3 7 - 3 5 0 .  In  Ce l l  Re p r o duc t i o n : i n  hono r of Dan i e l  
Ma z i a .  I CN- U CLA Symp o s i a  on Mo l ecul a r  and C e l lul ar  
B i o l ogy , 1 2 .  E . R . Di rks en , D .  Pr e s c o t t , and C . F .  Fox 
( e d s . ) .  Ac adem i c  Pr e s s ,  In c . , N e w  Yo r k . 

5 6 . Fu l t on , C . , and C .  Wa l s h .  1 9 8 0 . Ce l l  di ffe r en t i a t i on 
and f l ag e l l a r  e l ong a t i on in  Na eg l e r i a  g r�b e r i :  
De p endence  up on tr ans c r i p t i on and t r an s l a t i on . J .  
Ce l l  Bi o I . 8 5 : 3 4 6 - 3 6 0 . 

5 7 .  G a r c i a , J . R . , W . R .  Hi at t , J .  Pe t e r s , and P . S .  Syphe rd . 
1 9 8 0 .  S - aden o s y l  methi onine l eve l s  and pro t e in 
m e thy l at i on dur i ng morphog ene s i s  o f . Mu c o r r a c emo s us . 
J .  Ba c t e r i o l . 1 4 2 : 1 9 6 - 2 0 1 . 

5 8 . G a r r e l s ,  J .  I .  1 9 7 9 .  Two - dimens i on a l  g e l  e l e c t ro 
p h o re s i s and c ompu t e r  ana ly s i s  o f  p ro t e ins s yn t h e 
s i z ed by c l on a l  c e l l  l in e s . J .  B i o I . Chern . 2 5 4 : 7 9 6 1 -
7 9 7 7 . 

5 9 . G a r r e l s ,  J . I .  1 9 8 0 . Comput e r - ana ly z e d  two - dimen 
s i onal g e l  e l e c t ropho r e s i s  o f  p r o t e i n s . Tr ends i n  
B i o chem . Sc i .  5 : 2 8 1 - 2 8 3 . 

6 0 . G o l db e rg , A . L . , and J . F .  Di c e . 1 9 7 4 . Int rac e l l u l a r  
p ro t e in deg rada t i on i n  mammal i an and b a c t e r i a l  c e l l s . 
Ann . Re v . Bi o chem . 4 3 : 8 3 5 - 8 7 0 .  

6 1 . G o l db e rg , A . L . , and J . D .  Dow i t .  1 9 7 5 .  Stud i e s  on  
t h e  mechan i sms  of  i n t r ac e l l u l a r  p r o t e i n degrada t i on .  
2 nd In t I . Symp . I n t r a c e l l . Pr o t e i n  C a t abo l i sm , 
Lj ub l j ana Ab s t .  1 9 - 2 1 . 

6 2 . G o l db e r g , A . L . , and A . C .  St . Jo hn . 1 9 7 6 .  In t r a 
c e l l u l a r  p ro t e in d e g rada t i on i n  mamma l i an and b a c 
t e r i a l  c e l l s : Pa r t  2 .  Ann . Rev . B i o chem . 4 5 : 7 4 7 - 8 0 3 . 

6 3 . Gong , T . , and W .  Ba l amuth . 1 9 7 3 . Re q u i r ement fo r 
m a c r omo l e cu l a r  s ynthe s e s  dur ing e n f l a g e l l a t i o n  o f  
Na e g 1 e r i a  g rub e r i . J .  Pr o to z o o l . 2 0 : 4 9 8 . 

6 4 .  Gr i ffin , T . L .  1 9 7 2 . Temp e r ature t o l e r ance  o f  p atho 
g en i c  and non - p atho g en i c  free - l iv ing ameb a s . S c i ence  
1 7 8 : 8 6 9 - 8 7 0 . 

6 5 .  Ha g g e r ty , R . M . , and D . T .  Jo hn . 1 9 7 8 . I nn a t e  r e s i s 
t ance  o f  m i c e  to  exp e r imen t a l  i n f e c t i on wi th  Naeg 1 e r i a  
f ow 1 e r i .  In fec t . Immun . 2 0 : 7 3 - 7 7 . 
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6 6 . Ha g g e r ty , R . M . , and D . T .  Jo hn . 1 9 8 0 . Fac t o r s  in 
f luenc ing the v i rul ence o f  Na e g l e r i a  f owl e r i  fo r 
m i c e . Pr o c . He lmintho l . So c .  Wa sh . 4 7 : 1 2 9 - 1 3 4 . 

6 7 .  Ha i ght , J . B .  1 9 7 8 . Gr owth o f  Nae g l e r i a  fow l e r i  in 
axen i c  cul tur e s . �1 . S . the s i s . He a l th Sc i enc e s  
D iv i s i on ,  Vi r g i n i a  Commonwe al th Un i ve rs i ty ,  Ri chmond . 

6 8 . Ha i ght , J . B . , and D . T .  Jo hn . 1 9 8 0 . Growth o f  
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1 3 2 . Wa l s h , C . , and C . Fu l t o n . 1 9 7 3 . Trans c r i p t i on 
du r ing c e l l  d i f f e r e n t i a t i o n in  Na e g 1 e r i a  g rub e r i : 
P r e fe r e n t i a l s ynt h e s i s o f  me s s e ng e r  RNA . B i o chim . 
B i o p hy s . Ac t a  3 1 2 : 5 2 - 7 1 .  



2 1 2  

1 3 3 .  Wa l s h , C . , J .  Ma r ,  and K .  Ug en . 1 9 7 9 .  In duc t i o n o f  
mul t ip l e f l a g e l l a  i n  �a e g l e r i a : Re qui r emen t s  f o r  RNA 
a n d  p ro t e in s ynthe s i s . Dev e l op . Gen e t . ! : 1 3 3 - l 5 0 . 

1 3 4 .  Wa l s h ,  C . , H .  Naka z a t o , C .  Hi c key , and M .  Edmonds .  
1 9 7 6 .  Po lyadeny l i c  a c i d  in  d i f fe r en t i a t ing Naeg1 e r i a . 
J .  Ce l l  B i o I .  7 0 : l 3 6 a .  

1 3 5 . We i k ,  R . R . , and D . T .  Jo hn . 1 9 7 7 .  Qu ant i t a t i on and 
c e l l  s i z e  o f  Na e g l e r i a  f ow l e r i  by e l e c t ron i c  p a r t i c l e  
c ount ing . J .  Pa r a s it o l . 63 : 1 5 0 - 1 5 1 . 

1 3 6 .  We i k ,  R . R . , and D . T .  Jo hn . 1 9 7 7 .  
c u l t i v a t i on o f  Na eg l e r i a  fow l e r i . 
6 3 : 8 6 8 - 8 7 1 . 

Ag i t a t e d  mas s 
J .  Paras i to 1 . 

1 3 7 . We i k , R . R . , and D . T .  John . 1 9 7 7 . Ce l l  s i z e , macr o 
mo l e cu l a r c omp o s i t i on and 0 2 c ons ump t i on dur ing  
a g i t a t e d  cul t iva t i on o f  Na eg l e r i a  g rub e r i . J .  
P r o t o z o o l . 2 4 : 1 9 6 - 2 0 0 . 

1 3 8 . We i k , R . R . , and D . T . John . 1 9 7 8 . Mac r omo l e c u l a r  
c ompo s i t i on a n d  nuc l e ar numb e r dur ing  g rowth o f  
Na eg l e r i a  f owl e r i . J .  Paras i t o l . 6 4 : 7 4 6 - 7 4 7 . 

1 3 9 . We l l e r , M .  1 9 7 9 . Pr o t e in Ph o s pho ry l a t i on . (Me thner ,  
I n c . : New Yo rk ) . 

1 4 0 . We l l i ngs , F . M . , A . L .  Le w i s , P . T . Amu s o , and S . L .  
Chang . 1 9 7 7 .  Na eg l e r i a  and wa t e r  sp o r t s . L anc e t  
1 : 1 9 9 - 2 0 0 . 

1 4 1 . W i l 1 a e r t , E .  1 9 7 4 .  Pr imary amoeb i c  meningoenc e p h a 
l i t i s . A s e l e c t e d  b i b l i o g r aphy and t abu l a r  s u rvey o f  
c a s es . Ann . So c . Be I g e . Me d . Tro p . � : 4 2 9 - 4 4 0 . 

1 4 2 . Wi l l a e r t , E . , J . - B .  Jad i n , and D .  Le Ray . 1 9 7 3 . 
Comparat iv e an t i g en i c  ana l y s i s  o f  Na e g 1 e r i a  s p e c i e s . 
Ann . So c . Be I g e . Me d .  Tr o p . � : 5 9 - 6 1 . 

1 4 3 .  Wo o dwo rth , T . W . , W . E .  Ke e f e , and S . G .  B r a d l ey . 1 9 8 2 . 
Ch a r ac t e r i z a t i on o f  the  p ro t e in s o f  Nae g l e r i a  f ow l er i : 
Re l a t i on s h i p s b e twe en s ubun i t  s i z e and cha r g e . J .  
P r o t o z o o l .  ( In p re s s ) 

1 4 4 . Wo o dwo r th , T . W . , W . E . Ke e f e , and S . G .  Bradl e y . 1 9 8 2 . 
Ch a r a c t e r i z a t i on o f  p ro t e i n s  o f  f l ag e l l a t e s  and 
g r ow ing amebae  of  Na e g 1 e r i a  f ow1 e r i . J .  Bac t e r i o l . 

( In p r e s s )  



2 1 3  

1 4 5 . Yu y ama , S .  1 9 7 1 .  Ce l l  t r ans fo rma t i on s tudi e s  on t h e  
amoebo - f l ag e l l a t e , Na eg l e r i a  g rub e r i ,  p .  4 1 - 6 6 .  I n  
D e v e l opmen t a l  As p e c t s  o f  the Ce l l  Cyc l e . G . M .  PadIl l a , 
a n d  A . M .  Z imme rman (ed s . ) .  Ac a dem i c  Pr e s s ,  Ne,\" York . 

1 4 6 . Yuy ama , S .  1 9 7 1 . Th e e f fe c t s  o f  s e l e c t e d  chemi c a l  
a g e n t s  o n  the  amo eb a - f l a g e l l a t e  t r an s forma t i on in 
Na egl e r i a  g rub e r i .  J .  Pr o t o z o o l . 1 8 : 3 3 7 - 3 4 3 . 
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