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SUMMARY

The iso la tio n  and p u rif ic a tio n  o f the f la g e l la  membrane o f the 

p h y to fla g e lla te , Ochromonas danica, is  described. The procedure was 

simple, m ild , rap id , and i t  produced a pure membrane p reparation . 

A dd itiona lly , methods were developed fo r  the iso la tio n  of clean prepa­

ra tio n s  o f  most o f the components of Ochromonas danica f la g e l la  from 

a sing le  f la g e l la  p repara tion , namely: mastigonemes, axonemes (9+2), 

"extramastigoneme filam ents" and f la g e l la  membrane. Each component was 

studied  by electron  microscopy and acrylamide gel e lec tro p h o resis .

Some q u a lita tiv e  and q u an tita tiv e  s tud ies  were done on the l ip id s  o f 

f la g e l la  membrane, f la g e lla  and whole c e ll  (dark grown c u l tu re s ) . The 

iso la te d  f la g e l la  preparation  was nearly  free  o f o ther c e l lu la r  orga­

n e lle s  as judged by phase co n trast and e lec tro n  microscopy. The p u ri-

f ie d  membrane preparation consistedof small v es ic le s  (500 - 1500A in
0

diameter) with a tr i la m e lla r  p a tte rn  about 80A th ic k . Iso la ted  membrane 

was analyzed by sodium dodecyl su lfa te  (SDS) -polyacrylamide gel e le c ­

tro p h o re s is , displaying 5 major p ro te in  bands, 5 minor p ro te in  bands 

and some p ro te in  which remained a t th e  o r ig in . The 5 major p ro te in  

components had molecular weights of 54,000, 47,000, 34,500, 31,000 and

28,000 d a lto n s. Other f la g e l la r  frac tio n s  showed c h a ra c te r is tic  p a t­

te rn s  on analysis  by SDS-gel e lec tro p h o resis . A ll mastigoneme p ro te in  

components are glycoproteins as judged by p erio d ic  acid S ch iff s ta in in g .

I



The lip id s  of the  whole fa lg e l la  and the f la g e lla  membrane prepa­

ra tio n  were iso la ted  and compared with those of the whole c e l l .  The 

po lar lip id s  were separated by two dimensional th in  layer chromatography. 

One dimensional th in  layer chromatography was used fo r the separation  of 

the nonpolar l ip id s .  In a l l  respects the lip id s  o f the whole fa lg e lla  

were id en tica l to  those o f the f la g e lla  membrane. These methods estab ­

lished  the  presence in  f la g e l la  membrane of the  po lych lorosu lfo lip ids o f

0. danica as 73 molar percent o f the to ta l  p o lar l ip id s ,  these su lfo lip id s  

had been previously characterized  as 1,14-docosanedio l-l,14-d isu lfate  

and 1 ,1 5 -te traco san ed io l-1 ,1 5 -d isu lfa te  containing zero to  s ix  chloro 

groups su b s titu tin g  fo r  hydrogen on the chain. In addition  to  s ix  unknown 

p o lar l ip id s  one l ip id  is  present which has recen tly  been id e n tif ie d  as 

1 (3 ) ,2 -d iacy lg lycery l-3 (1 )-0 -41- (N,N,N-trimethyl)-homoserine. I t  co n s ti­

tu ted  9 molar percent o f  the po lar l ip id s .  Both phosphorus analysis on 

each l ip id  and the  molybdenum spray reagent fo r  phospholipids on the 

chromatogram showed th a t there  is  no phospholipid present in  0 . danica 

f la g e l la r  membrane. P ositive  reactions to  the diphenylamine spray reagent 

suggest th a t up to  4 o f the unknown po lar l ip id s  are g ly co lip id s. Of 

these , th ree  reacted  p o s itiv e ly  w ith ninhydrin. All o f the unknown lip id s  

reacted with the a c id if ie d  2,4-dinitrophenylhydrazine spray reagent 

suggesting the presence o f aldehyde, ketone, glycoside or plasmalogen.
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One unknown substance (near the o rig in ) appears to  be not a l ip id  

but a "glycan". I t  showed a p o s itiv e  reac tion  with Dragendorff

reagent suggesting the presence of a quarternary amine group. This 

same unknown spot i s  not synthesized from [ l - ;*C]acetate under the growth 

conditions used as revealed by autoradiograms of th in  lay er chromatograms 

I t  contained 35% hexose or hexosamine. The "glycan* represents

62% of the l ip id  e x tra c t. I t  is  devoid of phosphorous (<0.07%) and is  

le ss  than 4% p ro te in  Cor phenol o r peptide) as judged by the Lowry 

assay using bovine serum albumin as a standard.

Analysis o f the nonpolar l ip id s  o f the f la g e l la  membrane indicated  

a su rp ris in g ly  large amount of free  f a t ty  acids (42% of th e  to ta l  lip id s )  

These free  f a t ty  acids could be the  tru e  components o f the  membrane or 

a r t i f a c ts  o f  the ex trac tio n  procedure although every precaution was 

taken to  prevent a r t if a c tu a l  production o f free  f a t ty  ac id s . The s te ro ls  

c o n s titu te  29% o f th e  to ta l  l ip id s .  S tero l e s te rs  were absent from the 

membrane. There are 2 add itional major unknown nonpolar l ip id s  p resen t.

The im plications o f such a high proportion o f ch lo ro su lfo lip id s  as 

a p o lar l ip id  component in  the membrane are important because of the 

unique s tru c tu re s  o f these lip id s  which have ion ic  groups a t or near 

both ends o f the a lip h a tic  chain.
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INTRODUCTION

Biological membranes play a c ru c ia l ro le  in  almost a l l  c e llu la r  

a c t iv i ty .  Insigh ts are slowly evolving about th e ir  s tru c tu re  and 

about the mechanisms o f membrane associated  reac tio n s . Protozoa, being 

u n ic e llu la r , possess the same advantages found in  b ac te r ia  with pespect 

to  ease o f experimental manipulation. Yet they strongly  resemble the 

c e lls  o f h igher animals and p lan ts  in  th e i r  d iv e rs ity  o f  membrane 

rich  o rganelles. The cytoplasmic membrane of many protozoa, devoid of c e ll 

w all, i s  the only outer b a r r ie r  o f the c e l l .  Many major a c t iv i t ie s  

o f the c e l l ,  which occur in , on or through the c e ll  membrane, are 

s im ila r to  mammalian c e l ls .  Protozoa have proven to  be a useful model 

system fo r studying membrane s tru c tu re  and b iogenesis. The phyto- 

f la g e lla te  Ochromonas danica, in  add ition  to  these advantages contain 

a su b s tan tia l quantity  o f a se rie s  o f unusual s u lfo lip id s , making an 

even more a ttra c tiv e  model system to study the s tru c tu re  o f membranes.

Basic understanding of membrane s tru c tu re  began in  1895 ( 1 ) 

with the observation th a t  c e rta in  an esth e tic  substances th a t were 

lip o id a l in  nature probably acted by d isso lv ing  in  or in te ra c tin g  with 

the membrane. This observation defined the l ip id  nature o f the membrane. 

Sometime la te r  Gorter and Grendel ( 2 ) reported th a t the l ip id  o f 

erythrocyte provided ju s t  enough surface area to  cover the  c e l l  twice 

i f  the lip id s  were oriented ra d ia l to  th e  spherical c e l l  and hence 

suggested th a t  the membrane ex isted  as a l ip id  b ila y e r . Their data
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were l a te r  reexamined and reconsidered. The use o f newer techniques 

have continued to  support th e i r  proposal o f a l ip id  b ila y e r  as a basis  

for membrane s tru c tu re . The experiments o f Gorter and Grendel were 

followed by D anielle , Harvey and Davson. The formal p resen ta tion  o f 

the model was given in  1935 and th is  rep resen ta tion  is  known as the 

Danielli-Davson model ( 3 ) .  On the basis  of new observations 

Robertson in  1957 ( 4 ) modified the  Danielli-Davson model and proposed 

th a t the s tru c tu re , which he termed the u n it membrane, represented the 

universal s tru c tu re  fo r a l l  b io log ica l membranes. The u n it  membrane 

hypothesis enjoyed almost un iversal acceptance fo r several years. 

However questions were ra ised  in  the ea rly  1960's ( 5 , 6, 7, 8 ) when 

several e lec tron  micrographs revealed appearance o f subunits in  the 

plane o f the membrane. Subsequent analysis has frequently  produced 

other explanations fo r  these subunit observations. Firm evidence fo r 

these proposals have generally  not been forthcoming.

Freeze-cleavage techniques ( 9 ) have shown the existence o f granular 

m aterial inside  o f a continuous b ilay e r sandwich. There are many 

more sp ec ific  proposals fo r  membrane u ltra s tru c tu re  and many membrane 

models put forward; these have been reviewed in the l i te r a tu r e  ( 5 ,  10, 

11 ) .

Among a l l  the models proposed, the most p lau sib le  one is  the 

f lu id  mosaic model proposed by Singer and Nicolson (12 ) . These
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in v estig a to rs  suggest membrane-bound p ro te ins are of two types "p e r i­

pheral" and " in te g ra l" . The peripheral p ro te in s are read ily  removed 

by mild treatm ent•the in teg ra l p ro te ins are d i f f ic u l t  to  remove. The 

l a t t e r  p ro te in s have an o(-helical content in  the membrane of about 

40%; th e re  is  l i t t l e  o f no ^ -s tru c tu re . The high oi-h e lic a l content 

is  a ttr ib u te d  to  extensive hydrogen bonding induced by the presence 

o f su b s ta n tia l, t ig h t ly  packed, non-polar reg ions. This suggests th a t 

the in te g ra l p ro te ins in  in tack  membranes are la rg e ly  globular in  shape 

ra th e r than spread out as monolayers. A model th e re fo re , in  which 

g lobular p ro te in  molecules are in te rc a la te d  w ithin the  membrane would 

be more sa tis fa c to ry .

Phase tra n s itio n  induced by heat corresponding to  the "melting" 

o f the hydrocarbon chains with a b ila y e r  configuration have been 

demonstrated in  dry phospholipids, phospholipid-water mixtures and 

in  in ta c t  mycoplasma membrane (13,14). Above the  tra n s it io n  tempera­

tu re  much of the  l ip id  in  a biomembrane is  mobile. L ateral d iffu sio n  

o f l ip id  in  a l ip id  b ila y e r  is  very rap id , l ip id  d iffu sio n  between 

the b ilay e rs  i s  extremely slow (15 ) .  In the fluid-m osaic model, the 

p ro te in s th a t are in te g ra l to  th e  membrane are a heterogeneous s e t o f 

g lobular molecules, each arranged in  an amphipathic s tru c tu re , th a t 

i s ,  w ith the ion ic  and highly po lar groups protruding from the membrane 

in to  the  aqueous phases, and th e  nonpolar groups la rg e ly  buried in  the 

hydrophobic in te r io r  o f  the membrane. These globular molecules are
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p a r t ia l ly  embedded in  a m atrix o f phospholipid. The bulk o f the l ip id  

is  organized as a discontinuous, f lu id  b ila y e r , although a small frac tio n  

of the l ip id  may in te ra c t s p e c if ic a lly  w ith the membrane p ro te in s .

Bretscher (1 0  ) presented a p ic tu re  o f the erythrocyte membrane 

which i s  based on a l ip id  b ila y e r  having compositional asymmetry in  i t s  

phospholipid and g lyco lip id  components with choline phospholipids and 

g lycolip ids in  the external h a lf  and amino phospholipids in  the cyto­

plasmic h a lf . A major p ro te in  and glycoprotein are located in  a fixed 

o rien ta tio n  across the membrane, and many more p ro te ins are associated  

with the  inner surface o f the b ila y e r . Labeling techniques have shown 

th a t th e  mitochondrial inner membrane is  organized in a s im ila r fashion 

with an asymmetric o rganization . ATPase i s  located  exclusively  on the 

inner side o f the membrane and the cytochrome C molecules are found 

only on the ou ter surface ( 16).

The f la g e l la  o f eucaryotic c e lls  consist o f a bundle o f microtu­

bu les, arranged in  9+2 p a tte rn , c a lled  an axoneme, embedded in  a matrix 

and surrounded by membrane. Attached to  the membrane are e x tra f la g e lia r  

h a ir s ,  ca lled  the mastigonemes. A sketch of Ochromonas danica flage- 

llum is  shown in  F ig. 1. The mastigonemes o f 0_. danica are o f two 

s tru c tu ra l types, fibrous and tu b u la r. There are in  addition two se ts  

of la te ra l  filam ents along the e n tire  tubu lar mastigoneme shaft (17,18)* In 

con trast Chlamydomonas mastigonemes are  of only one s tru c tu ra l type and each
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Fig. 1. Diagrammatic representation of flagella ultrastructure.

MB: F lag e lla  membrane

D: Dyneins

A: (9+2) Axoneme

TM: Tubular mastigonemes

FM: Fibrous mastigonemes

EMF: Extramastigoneme filam ents
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mastigoneme appears to  be composed of a s in g le  row of subun its . Elec­

tro p h o re tic  analysis o f Chlamydomonas mastigonemes in d ica tes  th a t they 

contain a sing le  glycoprotein o f about 170,000 daltons (19)•

0 . danica moves by means o f a p lanar sine wave in  the long a n te r io rly -  

d irec ted  flagellum . The wave s ta r t s  a t the  basal end of the flagellum  

and progresses d is ta l ly .  The organisms are pu lled  forward by the ac tion  

o f the long flagellum . (0. danica has a long and a sh a rt f l a g e l la ) .

Jahn proposed th a t  one function of these mastigonemes i s  to  provide a 

roughness of surface which is  responsib le fo r movement in  a d ire c tio n  

opposite to  th a t hydrodynamically expected from a naked flagellum  (20).

I t  has been found th a t  the ATP hydro lysis is  lo ca lized  to  the  nine ou ter 

m icrotubules and s p e c if ic a lly  to  the arms on these microtubules (21).

These arms are p ro te in s  and are ca lled  dyneins. Dyneins o f several 

species have been studied  and found to  have a molecular weight of about

500,000 daltons (23). The c i l ia ry  m o tility  and a " s lid in g  filam ent" 

model has been reviewed (22). The fin e  s tru c tu re  of the ou ter doublet 

m icrotubules o f c i l i a  and f la g e l la  has been in v estig a ted  ( 24, 25) and 

a model has been proposed th a t  the ou ter doublet contains a to ta l  of 

23 protofilam ents (or subunits as observed in  cross s e c tio n ) , arranged 

as i l lu s t r a te d  in  F ig. 2. Two tubu lin s  (tubulins 1 and 2) are present 

in  both A and B tubules o f the o u ter doublets o f Chlamydomonas (25). 

Tubulins 1 and 2 were shown to  have apparent molecular weights o f 56,000 

and 53,000 daltons resp ec tiv e ly  (19) in  the Chlamydomonas f la g e l la .
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INSIDE

OUTSIDE

Fig. 2. The. arrangement of the 23 protofilam ents of the outer doublet 

microtubules of f la g e lla .

8



Our in te re s t  in  the iso la tio n  of f la g e lla  membrane stems from three  

considera tions. F i r s t ,  many co n tin u itie s  between d iffe re n t membrane 

systems have been reported ( 26). To obtain  a pure cytolasmic membrane 

p reparation , free  from contamination o f the q u an tita tiv e ly  more abundant 

in tra c e l lu la r  membrane i s  almost impossible because organelles appear to  

fragment e a s ily  placing lim ita tio n s  on the present iso la tio n  methods. 

There also  seems to  be the  problem o f re lease  o f in tra c e l lu la r  g lycosi- 

dase and hydro ly tic  enzymes upon c e ll rupture which may re s u lt  in  e ith e r  

lo ss  from or adsorption to  the plasma membrane o f complex carbohydrate 

species. On the o ther hand, f la g e lla ,  which is  devoid o f any in te rn a l 

membrane systems, may be read ily  detached and iso la te d  by gentle d i f f e r ­

e n tia l cen trifu g a tio n . Such a procedure would allow us to  obtain a 

very pure membrane preparation  free  from contamination by any o ther 

membrane. Second, the problem of membrane s tru c tu re  must be considered 

in  re la tio n  to  the  problems of membrane function and membrane biosyn­

th e s is .  F lag e lla  may be amputated and the synchrony o f regeneration 

which follows may provide us with a handle to  approach the problem o f 

organelle development and membrane biogenesis ( 27). I t  has already

been noted th a t  the "new" membrane o f the growing f la g e lla  is  not a t 

the base o f the  f la g e lla  but a t the d is ta l  end (27 ) .  A remarkable 

observation in  view o f the fac t th a t p ro te in  synthesis occurs exclusively  

in  the c e ll body. Third, the f la g e lla  membrane has two in te re s tin g  as­

p ec ts . I t  is  on the one hand, contiguous with the c e ll  membrane of a l l
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organisms in  which i t  has been studied  and yet i t  i s  a component o f a 

spec ia lized  organelle. i t  i s  suggested th a t the co n stitu en ts  of 

the f la g e lla  are transm itted  as a c is tro n  g en e tica lly  since so many 

p ro te in  q u a lit ie s  are so s im ila r  from species to sp ec ie s . The surface 

membrane of these species however, vary w idely. I t  is  l ik e ly , th e re fo re , 

th a t the f la g e l la  membrane, which serves as a c e ll  surface membrane on 

the e x te r io r  and possib ly  in  gamete recogn ition  and ag g lu tin a tio n  CIS,28) 

is  a lso  a functionary of some so rt in  f la g e l la r  ac tio n . j n .̂jje case 

of Ochromonas danica th is  bimodal function makes the  system especia lly  

amenable to  s tru c tu ra l stud ies since the unique lip id s  o f the membrane 

have c h a ra c te r is tic s  which can be exp lo ited  by physical techniques.

A good example o f th is  approach r e s ts  in the presence of large amounts 

of the h a lo su lfo lip id s  in  the p h y to flag e lla te . These substances are 

derivatives o f 1 ,14 -docosaned io l-l,14 -d isu lfa te  and 1 ,15 -te tracosaned io l- 

1 ,1 5 -d isu lfa te  with from 0 to 6 ch lorine atoms replacing hydrogens on 

the chain (Fig. 3) ( 29 ,30,31,32,33,34,35). These substances are amenable 

to  X-ray stud ies on the n a tu ra l membrane because of the presence of 

e lec tron  dense atoms in  th e ir  s tru c tu re . The arrangement o f these mole­

cules in  the membrane w ill be o f sign ificance  to  membrane s tru c tu re  since 

the substances are the  only known lip id s  th a t  do not have a l l  th e i r  po lar 

or ion ic  groups a t one end of the molecule.
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Chlorosulfolipids of O chrom on as  danica  

OSOj o s o j

VWVWWVW050’ AAAA/VWWWos°3
22 14 24 15

o s o j  OSOj
VWvVWWVVos°3 AAA/VY\AAAAA/os°3

T h r e o  Cl T h r e o  Cl

OSOj OSOj
WVyVyVVVWosoi AAAaAAAAA/Woso;

E r y t h r o  Cl Cl (Cl,) ( C l , )

OSOj
VWWWWVVso-3

( C l , )  ( C l 2 )

0S03

\AV\AAAAAAA/os°3
( C l , )  ( C l 2 )

OSOj
v w W w w w os°3

( C l 2 ) ( C l 2 )
OSOj

\AAAA/WVVVVoso3
( C l , )  ( C l 3 )

Cl OSOj Cl Cl Cl OSO3

wvVyyvVvVWo-, /vW yW W ^ Y oso;
Cl Cl Cl Cl Cl Cl

Cl OSOj Cl Cl Cl OSOj
vW vV yw \aA /os°3 /w vVyYvw vY0-:

Cl Cl Cl Cl Cl Cl Cl Cl

F ig .3 . The ahalo, monochloro and hexachloro derivatives o f 1,14-docosanediol- 

1 ,14-d isu lfate are the dominante structures.
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EXPERIMENTAL PROCEDURE

Cultures - Ochromonas danica was grown in  the chemically defined 

medium of Aaronson and Baker ( 36) a t 23*in  darkness. Inoculations 

were conducted in  ambient l ig h t .  C ells were cultured  in  tubes or 

flasks wrapped in  aluminum f o i l ,  placed in  lig h t t ig h t  boxes.

Incubations - Sodium (l-,fcj aceta te  (sp ec ific  a c t iv i ty  1 mCi/1.4 mg, 

to ta l  4 mCi) d issolved in  ethanol were added to  a 3-day cu ltu re . The 

f in a l  concentration o f ethanol in  media was 0.3% (v /v ) . Cultures were 

maintained in  a dry box connected to  th ree  successive trap s  containing 

1 N NaOH.

F lag e lla  Detachment and Iso la tio n  (Scheme I) - Cultures o f 0_. danica 

were harvested 5 days a f te r  inocu lation  by cen trifu g a tio n  fo r 15 min 

a t 4* and 300 X £  in  a Sovall RC2-B cen trifuge and were washed with fresh  

media tw ice. The c e lls  were then resuspended in  fresh  media (1/30 of 

the o rig in a l cu ltu re  volume) a t 4 and cooled fo r 1 hour before d e flag e l­

la tio n . F lag e lla  were detached by a g ita tio n  in  a cen trifuge tube fo r 24 

sec (3 sec each tim e, 8 tim es), a t top speed in  a Vari-Whirl mixer (Van 

Water 8 Rogers S c ie n tif ic ) .  In tac t and d e flag e lla ted  c e l l  bodies were 

then removed from the medium by cen trifu g a tio n  fo r 10 min a t 208 X 

a t 4* th ree  times to  remove the residue c e ll  bodies. The remaining super­

nation  which contained f la g e l la  was centrifuged a t  13,300 X £  fo r 20 min 

in  an SS-34 ro to r  o f Sorvall RC2-B C entrifuge. The p e l le t  obtained was 

milky white and appeared to  be pure f la g e l la  tinder phase con trast and e le c ­

tron  microscopy.
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Fractionation  o f F lag e lla  - F lag ella  p e l le ts  were resuspended in  

50-100 volumes o f TMM*(10 mM Tris-HCl, pH 7 .5 , 4 mM MgCl2, 1 roereap- 

toethanol) mixed a t top speed in  a vortex mixer f o r -15 min, s t i r re d  

overnight to  detach the membrane from the axonemes m atrix and mastigo- 

nemes. The so lu tion  was centrifuged a t 26,700 X £  fo r 30 min. Small 

membrane v e s ic le s , mastigonemes, and "extramastigoneme filam ents" 

appeared in  the supemant (Scheme I ,  Supt. 1). Large p ieces o f membrane 

were present in  the p e l le t  together with the axonemes*

Iso la tio n  o f Axonemes - The above p e l le t  was thoroughly resuspended in 

5 to  10 ml o f TMM and was layered over a discontinuous sucrose gradient 

which was made o f 6 ml each o f 60%, 50%, 45% and 40% sucrose so lu tions 

(w/v) in  the TMM b u ffe r . They were centrifuged a t 41,400 X £  fo r  4 hours 

in  an SW 25.1 ro to r  in  a Model L U ltracen trifu g e . The axonemes banded a t 

the in te rface  o f 50% and 60% sucrose while the membrane and some mastigo­

nemes were suspended in  so lu tion  above 50% sucrose lay e r. The membrane 

and mastigonemes were then co llec ted , d ilu ted  with 7 volumes of TMM and 

centrifuged a t 113,700 X £  fo r 1 hour. The p e l le t  (Scheme I , PPT 1) con­

ta ined  membrane v es ic le s  and mastigonemes. The axonemes band was co llec ted , 

d ilu te d , and centrifuged  a t 13,000 X £  fo r  20 min. The p e l le t  c o n s titu te s  

a p reparation  o f axonemes.

* The abbreviation use a re : TMM, 10 raM Tris-HCl, pH 7 .5 , 4 mM MgCl2, 1 nM
m ercaptoethanol; SDS, sodium dodecyl s u lf a te .

2 Axoneme i s  defined here as ; a bundle o f m icrotubules, arranged in  9+2 
p a tte rn , embedded in  a m atrix.
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SCHEME I

I----------
Deflage l la ted

Cells

Cells  ( Washed with media) 
Vortex 
a t  4 °C

Supt.3 0 0 x g ,  15 min

Ppt.
FLAGELLA

Ppt.

>50%
Sucrose

Supt.

Flagella
Suspension

13,300 xg, 20min

Resuspend 
in TMM, 
Vortex

Supt.

Discard

2 6 ,7 0 0 x g ,  3 0 min Supt. I
Layer  on i----- --------------------
Sucrose  S u p t .2  I 113 ,7 0 0  xj^, I hr
Gradient

<50%
Sucrose

Ppt. 2^ 

Supt. 3

Dilute with 
7 vol. TMM

Dilute with 
7  vol. TMM

Ppt.
13 , 0 0 0 xg, 2 0 min 

Discard

tE i -5 .  I 2 8 , 4 0 0  xg, 4 5  min 
MASTIGONEMES 

( Prepn. I )

Supt. | II3,700x£, I hr 

Discard
AXONEMES

P£t. i

Resuspend 
in TMM

Supt. 5

fE? ® | 2 8 , 4 0 0 x g ,  4 5 m in  
Discard

Ppt.

113 ,7 0 0  xg, I hr 

Dilute w /5  vol. TMM
SHE!. §  | Pot,
113 ,7 0 0  x £ ,  I hr |

MEMBRANE

Supt. 4

Ppt. 4
Layer on 
Continuous 
Sucrose 
Gradient

215,000 xg, 
overnigiff

j Supt. 
Di scard

"Extramast igoneme
F i lam en ts

MASTIGONEMES 
( Prepn. 2 )
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Iso la tio n  of Mastigonemes - A cen trifu g a tio n  force o f 113,700 X £  

was found to  convert some membrane sheets and large v esic le s  in to  small
o

vesic les  (approx. 1,000 A in  diam eter). This conversion apparently 

allowed the  membrane to  sediment a t a speed d iffe re n t from th a t o f the 

mastigonemes. Supt. 1 (Scheme I) was therefo re  centrifuged a t 113,700 

X fo r 1 hour. The p re c ip ita te  (Scheme I ,  PPT. 2) was a mixture o f 

mastigonemes and membrane v e s ic le s . This p e l le t  was then resuspended 

in the  same b u ffe r and cen trifuged  a t  28,400 X £  fo r 45 min to  p re c ip ita te  

the mastigonemes (Scheme I ,  PPT.3). The supernatant (Scheme I ,  Supt. 3) con­

s is te d  prim arily  o f membrane v es ic le s  with some contamination of mas­

tigonemes and "extramastigoneme filam ents".

Iso la tio n  o f F lag e lla  Membrane - The membrane p e l le t  (Scheme I ,

PPT I) was resuspended in  TMM b u ffe r and centrifuged a t 28,400 X £

fo r 45 min. The supernatant (Scheme I ,  Supt. 4) was combined with

Supt. 3 (Scheme I) and centrifuged  a t 113,700 X £  fo r 1 hour. The 

supernatant (Scheme I ,  Supt. 5) contained "extramastigoneme filam ents".

The membrane p e l le t  (Scheme I ,  PPT 4) was resuspended in  5 to  10 ml o f 

TM4 b u ffe r and layered over a lin e a r  8.6% to  60% sucrose gradient in

Tbfll b u ffe r and centrifuged  a t  41,400 X £  (Spinco SW 25.1 ro to r)  fo r  16

hours. The membrane banded a t density  between 1.11 and 1.15. The p re ­

c ip i ta te  a t the bottom o f the  tube contained mastigonemes and some mem­

brane contamination ( mastigonemes Prepn. 2 ) . The membrane band was 

co llec ted , d ilu ted  and centrifuged  a t 113,700 X fo r  1 hour. The p re ­

c ip i ta te  was pure membrane. The supernatant (Scheme I ,  Supt. 6) contained 

"extramastigoneme filam en ts" .
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Iso la tio n  o f "Extramastigoneme Filaments" - Supt. 5 and Supt, 6 

(Scheme I) were combined and centrifuged f i r s t  a t  113,700 X £  fo r 2 

hours to  remove any residue membrane v esic le s  and then a t 215,000 X £  

overnight. The "extramastigoneme filam ents" appeared as a p e l le t .

E lectron Microscopy - All f la g e l la  frac tio n s  obtained as p e lle ts  

were fixed (fd r a period which varied  from 2 to  16 hours) with 2% 

glutaraldehyde (w/v) in  0.2 M cacodylate b u ffe r , pH 7.0, a t  4, and p o s t­

fixed fo r a period which varied  from 2 to  16 hours in  1.0% (w/v) osmium
O

te trao x id e  prepared in  0.2 M cacodylate b u ffe r , pH 7 .0 t a t 4 in  the 

same b u ffe r . The p e lle ts  were seq u en tia lly  dehydrated with 50, 75, 95, 

and 100% (v/v) ethanol, cleared  in  propylene oxide and in f i l t r a te d  

overnight with a mixture o f Epon 812 and propylene oxide 1:1 (v /v ), 

and embedded in  Epon re s in . The p e lle ts  were then sectioned with a 

P orter Blum Ultramicrotome (MT-2). The sections were supported on 

carbon rein forced  collodion covered grids and p o st-s ta in ed  with lead 

c i t r a te  ( 37) and observed with a P h ilip s  300 e lec tro n  microscope.

Negative S taining (Electron Microscopy) - The mastigonemes p e l le t  was 

resuspended in  d i s t i l l e d  water and was d ilu ted  with an equal volume o f 2%(w/v) 

so lu tion  o f ammonium molybdate. Five >il o f the mixture was placed on 

a carbon re in fo rced  collodion covered g rid  fo r 1 min and excess so lu tio n  

was drained o ff  by f i l t e r  paper. A fter drying, the g rid  was examined 

with a P h ilips 300 e lectron  microscope.

Light Microscopy - Phase co n trast l ig h t  microscopy was conducted 

with a Wild Heerbrugg M 20 91257 Microscope.
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Sodium Dodecyl S u lfa te  - Polyacrylamide Gel E lectrophoresis (3 8 )  -

(A), Preparation o f p ro te in  so lu tio n s : The p ro te ins were incubated a t  37* 

fo r 2 hours in  0.01 M sodium phosphate b u ffe r, pH 7 .0 , 1% in  SDS and 1% 

in  (3-mercaptoethanol p r io r  to  e lec tro p h o res is . The p ro te in  concentration 

was normally 0.5 mg per ml. (B), Preparation o f g e ls: Gel b u ffe r contained 

7.8 g NaH^PC^*H^O, 38.6 g o f Na4HPQ̂  • 7H40, and 2 g o f SDS p er l i t e r .

The acrylamide so lu tion  consisted  o f 22.2 g o f acrylamide and 0.6 g o f 

methylenebisacrylamide dissolved in  water to  give 100 ml o f so lu tio n .

For a ty p ica l run o f twelve 10% (w/v) acrylamide g e ls , 15 ml o f gel 

b u ffe r were deaerated and mixed with 13.5 ml of acrylamide so lu tio n .

A fter fu rth e r deaeration , 1.5 ml o f fresh ly  made ammonium p e rsu lfa te  

so lu tio n  (15 mg per ml) and 0.045 ml o f N ,N ,N ',N '-tetram ethyl-ethylene- 

diamine were added. A fter mixing, each tube was f i l l e d  w ith about 2 ml 

o f the so lu tio n . Before the gel hardened a few drops o f w ater were 

layered on top of the gel so lu tio n . A fter 20 min an in te rfa c e  could be 

seen ind ica ting  th a t the gel had s o lid if ie d . (C), P reparation  of samples: 

Onto each gel was placed 3 jul o f tracking dye (0.05% bromphenol blue in  

water) 1 drop o f g lycero l, 5 jul o f  mercaptoethanol, and 50 j i l  o f 0.01 M 

sodium phosphate b u ffe r , pH 7.0,1% (w/v) SDS, and 1% (w/v) mercaptoe­

thano l. F ifteen  to  50 jug of the p ro te in  so lu tion  were added. Gel 

b u ffe r , d ilu ted  1:1 with w ater, was ca re fu lly  layered on top o f each 

sample to f i l l  the tubes. The two compartments o f  the e lec trophoresis  

apparatus were f i l l e d  w ith gel b u ffe r , d ilu ted  1:1 with w ater. E lec tro ­

phoresis was performed a t  a constant current of 8 raa per gel fo r 4 to  4.5
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hours. A fter e lec tro p h o res is , the gels were removed by a syringe and 

by using a p ip e tte  bulb to  exert p ressure. The distance moved by the 

tracking  dye was marked on the g e ls . (D), S taining and destain ing:

The gels were placed in  tubes f i l l e d  with s ta in in g  so lu tion  prepared by 

d issolving 1.25 g o f Coomassie b r i l l a n t  blue in  a mixture o f 454 ml o f  

50% methanol and 46 ml o f g la c ia l ace tic  acid . S taining was a t  room 

temperature fo r 8 hours. The gels were destained e lec tro p h o re tica lly  or 

simply by s i t t in g  fo r  a long period of time in  destain ing  so lu tion  (75 

ml o f  ace tic  acid , 50 ml o f  methanol, and 875 ml o f w ater). Assuming 

an even sw elling o f the g e ls , m obility  was calcu la ted  as the ra t io  of 

the distance of p ro te in  m igration to  the distance of dye m igration. The 

m ob ilities  were p lo tte d  against the known molecular weights expressed on 

a sem i-logarithm ic sca le . The marker p ro te ins used were Myoglobin 

(17,800 d a lto n s), Chymotrypsinogen A (25,000 d a lto n s) , Pepsin (35,000 

d a lto n s), Ovalbumin (43,000 daltons) and Albumin (68,000 d a lto n s). (E), 

Periodic acid S ch iff procedure (39 ) :  Gels were s ta ined  fo r  carbohydrate 

using the period ic  acid  S ch iff procedure. The SDS was removed by the 

following s tep s ; the so lu tions were s t i r r e d  vigorously a t  room temperature 

fo r th e  following s ta te d  tim es; no le ss  than 50 ml. per gel were used a t each 

s tep : (1) 25% (v/v) isopropyl a lcohol, 10% ace tic  acid ;overn igh t; (2)

10% isopropyl alcohol, 10% a ce tic  ac id ;6-9 hours; (3) 10% ace tic  ac id ; 

overnight; (4) 10% a ce tic  ac id ; several hours. The fixed gels were then 

tre a te d  as the following: (1) 0.5% period ic  ac id ; 2 hours; (2) 0.5% 

sodium a rse n ite , 5% ace tic  ac id ; 30-60 min; (3) 0.1% sodium a rse n ite ,
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5% ace tic  acid ; 60 min - repeated tw ice; (4) a ce tic  ac id ; 10-20 min.

The gels were then (5) tra n sfe red  to  tubes containing 10 ml o f S ch iff 

reagent and l e f t  overnight; (6) 0.1% sodium m e tab isu lfite , 0.01 N HC1, 

fo r several hours, repeated u n t i l  the rin se  so lu tion  fa ile d  to  turn 

pink upon addition  of formaldehyde.

Lipid Extraction - Lipids were ex tracted  with 20 volumes of chlo­

roform: methanol 2:1 (v/v) th ree  tim es. The solvent was removed by 

ro ta to ry  evaporation under reduced pressure. 2 ,6-Di- t e r t - butyl-4-methyl-phenol 

(BHT) (0.01% w/v) was added as an an tiox idan t. The whole ex trac tion  

procedure was conducted under n itrogen .

Chromatography and Autoradiography - Thin layer chromatography 

was conducted in  two dimensions (fo r p o lar l ip id s )  and in  one dimension 

(fo r nonpolar lip id s )  using S il ic a  Gel precoated p la te s . Two dimen- 

sional p la te s  were ac tivated  a t 60 fo r 1 hour, cooled in  a desiccator 

and developed in  the f i r s t  dimension with chloroform:methanol-28% (w/v)

aqueous ammonia 65:35:5 (v/v/v) chromatograms were dried  fo r  about 10 min 

cooled in  a desiccato r and then developed in  the second dimension with 

chloroform :acetone:m ethanol:acetic acidiw ater 5 :2 :1 :1 :0 .5  (v /v /v /v /v )(40). 

P lates were obtained from two sources. Brinkman In s t .  (F-254) p la te s  

gave poor re su lts  charring the ch lo ro su lfo lip id s  using 25% (w/v) sodium
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b is u lfa te , 3% (v/v) H^SO^whereas b e t te r  autoradiograms were obtained 

from these p la te s . Conversely the ch lo rosu lfo lip id s were charred 

with f a c i l i ty  on Supelcosil 42A (Supelco, In c .,  B ellafonte, Pa.) p la te s  

although these p la te s  were too powdery fo r autoradiogram preparation . 

These two types o f p la te s  yielded th e  best separations o f the  polar 

l ip id s .  A solectin , a mixture o f le c ith in , phosphatidylethanolamine and 

phosphatidyl in o s i to l ,  was used as a chromatographic standard fo r these 

substances. I t  was obtained from Associated Concentrates, Woodside, N.Y. 

Compounds were v isua lized  by Iodine o r charring of the p la te  by spraying 

a so lu tion  of 25% (w/v) sodium b isu lfa te  containing 3% (v/v) Ĥ SQ̂  

followed by slow heating over a hot p la te . P lates were also  examined 

under U ltrav io le t rad ia tio n  a t 254 and 366 nm. For autoradiography, 

each chromatogram was sprayed with S pectrafluor ( upon d ilu tio n , 4 g 

PPO plus 50 mg POPOP per l i t e r  o f toluene) (Amersham/Searle Corp.) 3 

times with 8 ml on each spray. The p la tes  were then exposed to  X-ray
O

film , blue sen sitiv e  (code SB-54) in  the dark a t -16 , fo r  a period 

from 1 to  10 days, depending on the amount o f ra d io a c tiv ity  spotted  on 

the th in  layer p la te . Individual l ip id s  v isua lized  by autoradiography 

were scraped o f f  the p la te  d ire c tly  in to  s c in t i l la t io n  v ia ls .  Ten ml. 

Bray's ( 41) so lu tion  was added to  each v ia l and counted in  a Nuclear 

Chicago S c in t i l la tio n  Counter Model No. 724 or a Beckman LS-250 Liquid 

S c in t i l la tio n  system.
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Diphenylamine - P lates were sprayed with, diphenylamine spray 

(Supelco, Inc .) and heated fo r 5 to  10 min a t  100° (43  ) .  Ninhydrin -

p la te s  were sprayed with 0.2% (w/v) ninhydrin in  95 ml butanol and 5 ml

10% (v/v) ace tic  ac id . The p la te s  were heated a t 105*fo r 20 min (43,45) . 

2 ,4-Dinitrophenylhydxazine- (Supelco, In c .)  was sprayed on the p la te . 

Molybdenum tr io x id e  - Equal volumes of so lu tion  A (40.11 g molybdenum

trio x id e  in 1 l i t e r  25 N HzSÔ ., bo iled  u n t i l  the so lid  has dissolved)

and so lu tio n  B (1 - 7 8  g molybdenum powder in  500 ml so lu tion  A is  boiled 

15 min and cooled) are mixed and c a re fu lly  d ilu ted  with 2 volumes of 

w ater. The reagent is  s ta b le  fo r several months(43,44). Dragendorff - 

Solution 1, (20 ml) (1.7 g basic  bismuth n i t r a te  in  100 ml 20% (v/v) 

a ce tic  acid) and so lu tion  2, (5 ml) (40 g potassium iodide in  100 ml 

water) were d ilu ted  with 70 ml water before use (42,43) . C is-Aconitate - 

The spray reagent o f  Vaskosky and Suppes (46 ) was used to  detect quar- 

te m a ry  amino groups. Water must be rigorously  excluded fo r successful 

use o f th is  reagent.

Phosphorus Analysis o f  Spots from TLC - Spots were scraped o ff  the 

p la te s  d ire c tly  in to  t e s t  tubes and analysed by the method of Rouser 

(40 ) : Concentrated hydrochloric acid (0.5 ml) was added to  each tube;
°water and excess acid were then removed by m aintaining the tubes a t  170 

fo r  30 min. P erchloric acid  (0.26 ml) (70% w/v) t r ip l e  d is t i l l e d  in to  

Vycor) was added and the l ip id  digested by reflux ing  fo r  40 min a t  170*. 

A fter cooling, reagents added in  order were: water (0.92 ml), ammonium
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molybdate (0.4 ml, 1.25% w/v), and ascorbic acid (0.4 ml, 5% w/v). Color 

was developed by heating fo r 5 min in  a b o ilin g  water bath and then 

cooling fo r 10 min. The adsorbent was sedimented by b r ie f  cen trifu g a tio n . 

The color in te n s ity  o f the supernatant was determined a t  797 nm in  a 

Carl Zeiss model M4Q]][spectrophotometer.

Protein Assay - The concentration o f p ro te in  was determined by the 

method of Lowry, et^al_., (47 ) using bovine serum albumin as a standard.

The Azure A Colorim etric Assay fo r S u lfo lip id  - The procedure of 

Kean (48 ) was used: Samples were p ip e tted  in to  screw cap t e s t  tubes and 

evaporated to  le ss  than 0.1 ml volume. To each tube was added 5.0 ml of 

chloroform: methanol, 1:1 (v /v ), 5.0 ml o f 0.05 N HjSfy., and 1.0 ml o f 

Azure A so lu tion  (40 mg in  5.0 ml o f 0.05 N HzSQj. d ilu ted  to  100 ml with 

w a te r). The tubes were capped, shaken fo r 30 sec (Vortex) and centrifuged 

(300 X £  fo r 5 min). The absorbance (Carl Zeiss M4Q® a t 645 nm o f the 

lower phase is  a molar measurement using SDS as a standard. I t  should be 

noted th a t the measurements o f 0. danica su lfo lip id s  (with two su lfa te s  on 

the molecule) must be halved to  obtain molar q u a n ti t ie s .

Sythesis o f Cholesteryl O leate - Oleic acid (278 mg) in  benzene (20 

ml) was cooled in  an ice  bath . Phosphorous tr ic h lo r id e  ( 200 jul) was 

added and the mixture maintained in  the ice  bath fo r  1 hour. Cholesterol 

(389 mg) in  banzene (10 ml) was added and the reaction  l e f t  in  the ice 

bath overnight. The so lu tio n  was washed twice with sa tu ra ted  sodium 

bicarbonate, washed with w ater, separated , and the benzene dried  with
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anhydrous sodium s u lfa te . A fter evaporation of the solvent the choles- 

te ry l o lea te  s t i l l  had o le ic  acid which was usefu l in  the TLC standard.

Sugar Determination in  Unknown No. 1 ("Glycan")- Unknown No.l

("peptidoglycan") was scraped o ff  the p la te , ex tracted  with d is t i l le d  

water and dried  to  constant weight (Cahn Balance MS2T ) in  a vacuum 

desiccato r (2.5 mg). The substance was then dissolved in  water ( 1 ml).

An a liquo t (0.1 ml) was d ilu ted  with 1 ml of anthrone reagent (49 ) 

a t 4°and thoroughly mixed. The t ig h tly  capped tubes were placed in  a 

bo iling  water bath fo r  15 min, cooled fo r  10 min and the absorption 

compared to  th a t of glucose tre a ted  with anthrone in lik e  manner a t 620 nm 

(Carl Zeiss M4QU).

Hydrolysis o f  C hlorosulfo lip ids and Unknown No.5 - In order to  quani- 

ta te  the r e la t iv e  amounts of su lfo lip id  and unknown No. 5 which overlapped 

on the TLC p la te  during the(j^d) lab e lled  experiment (Fig. 17,19). The mixture 

was hydrolyzed to  produce lab e lled  f a t ty  acids (unknown No. 5) and 

lab e lled  d io ls  (su lfo lip id )  which were subsequently separated and counted.

The spots were scraped o f f  the p la te  in to  a t e s t  tube. Hydrochloric acid 

(1 N , 1 ml) was added and the tube placed in  b o ilin g  water fo r 2 hours.

The so lu tion  was exhaustively ex trac ted  with d ie thy l e th e r, evaporated in  

vacuo and chromatographed on TLC in  the one dimensional solvent used fo r 

non-polar l ip id s .

Free F atty  Acid Composition o f the  F lag e lla  Membrane - The spot id e n tif ie d  

as the free  f a t ty  acids on TLC (Fig. 20 ) was scraped from the p la te  in to  

a t e s t  tube. TTie s i l i c a  was exhaustively ex tracted  with chloroform and
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the combined ex trac ts  evaporated under a stream of n itrogen . The residue 

was heated in  a b o ilin g  water bath in  2 ml methanol-boron tr i f lu o r id e  re a ­

gent (Applied Science). Water (2 ml) and e th er (5 ml) were added to  the 

so lu tio n . The e th e r was separated and combined with th ree  subsequent 

e th er washes. The e th e r so lu tion  was backwashed with w ater three tim es, 

dried  with anhydrous sodium su lfa te  and evaporated in  vacuo. The e n tire  

procedure was conducted under n itro g en . The fa t ty  acid methyl e s te rs  

were examined on a Perkin Elmer (801) Gas Chromatograph (flame ion ization) 

on a s ix  f t .  column of Gas-Chrom Q C120 mesh) coated with diethylene glycol 

succinate (10%) and on a s im ila r column coated with 3% 0V1. The second 

column was used to  confirm id e n tif ic a tio n s . The column was programmed
O

a t 140 fo r  4 min then increased a t  2 degrees /  min to  190. This procedure 

provided symmetrical peaks fo r an a ly sis . The dominant e r ro r  introduced 

in to  the analysis i s  due to the d ifference  in  d e tec to r response between 

polyunsaturated and the sa tu ra ted  f a t ty  acid  (the response is  g rea te r 

fo r sa tu ra ted  acids) which e rro r  can be as large  as 10%.
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RESULTS

Cultures -  0  ̂ danica grows read ily  in  the dark . The cu ltu res 

appear yellow in stead  o f green as they do not contain c h lo ro p la s ts .

A fter th ree  days in  sodium [l-* fc]ace ta te , 40% o f the ra d io a c tiv ity  

was found in  the c e l ls ,  26% appeared in  the medium and 34% was gas most­

ly  £^JC 02. The l a t t e r  was found in  th e  NaOH traps and may contain t r i ­

acetate .

Iso la ted  F lag e lla  -  F lage lla  preparations were examined under 

phase con trast l ig h t  microscopy (Fig. 4) and e lec tro n  microscopy (Fig. 5 ) .  

They were nearly  free  o f o ther c e l lu la r  contam ination. Iso la ted  f la g e lla  

are very d e lic a te . In order to  keep the in te g r i ty  o f the f la g e l la  mem­

brane, f la g e l la  were washed w ith fresh  cu ltu re  medium. E lectron micros­

copy showed a ripp led  f la g e l la  membrane (Fig. 5 ) .  This morphology may 

be re la te d  to  some function o f the  f la g e l la  membrane. When sodium 

[ l-^ ] ]a c e ta te  was added to  c u ltu re s ,0.64% o f the to ta l  ra d io a c tiv ity  

found in  c e lls  was incorporated in to  the  f la g e lla  p repara tion . The f l a ­

g e lla  p reparation  represented about 4% o f the dry weight o f the c e l ls .

Detachment o f F lag e lla  Membranes from Axonemes - When f la g e l la  were 

suspended in  d i s t i l l e d  water o r TM(10 mM Tris-HCl, pH 7 .5 , 4 mM MgCl2 >

1 mM mercaptoethanol) b u ffe r , most o f the  f la g e l la  membrane became re leased  

and detached from the axonemes as revealed by e lec tron  microscopy (Fig. 6 ). 

Sodium ace ta te  b u ffe r having the same io n ic  s treng th  and pH as the medium
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Fig. 4 . Iso la ted  f la g e l la  (0.1% Toluidine blue sta ined ) o f Ochromonas 
danica examined under phase co n trast microscope. Upper, X 125;
Lower, X 625.
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Fig. 5. E lectron micrograph of iso la ted  f la g e l la .  I t  shows the  ripp led  
f la g e lla  membrane. X 25,900.
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Fig. 6. Electron micrograph o f the f la g e l la  a f te r  suspension in  TMM 
b u ffe r. Most o f the  f la g e lla  membrane became re leased  and detached 
from the axonemes. X 68,000.
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also  caused less although c lea r detachment o f f la g e l la  membrane.

Appearance o f F lag ella  Membrane - Most o f the f la g e l la  membrane 

appeared as large membrane sheets when i t  was o r ig in a lly  re leased  from

f la g e lla  as shown in  F ig .6. A fter cen trifugation  a t  113,700 X £  fo r
v 0

1 hour a t 4 , some membrane became small v es ic le s  (approx. 1000 A

in  diameter) as shown in  Fig. 7. A fter cen trifu g a tio n  a t  250,000 X 

fo r more than 3 hours a t 4°, l i t t l e  membrane sheets were seen under e lectron  

microscopy (Fig. 8 ). I t  seems th a t  the cen trifu g a tio n  force converted 

some large  membrane sheets in to  small v e s ic le s . Some vesic le s  showed a 

f la tten e d  appearance. F lattened  v esic le s  were converted in to  l i t t l e  

membrane sheets again when the cen trifu g a tio n  was high enough (250,000 X £  

fo r 3 hours o r more). The f la g e l la  membrane preparation  appeared to  be pure 

and showed a t r i la m e lla r  s tru c tu re  (Fig. 7 ). The membrane thickness is
O

about 80 A . Since f la g e l la  have no in te rn a l membranes and since axonemes, 

mastigonemes, and extramastigoneme filam ents are e a s ily  id e n tif ie d  by th e ir  

ty p ica l appearance in  e lec tron  microscopy, i t  i s  safe  to  use th is  method 

as a c r i te r io n  of f la g e l la  membrane p u r ity . Membrane density  determined 

by sucrose density  gradient cen trifu g atio n  v aries  s l ig h tly  from 1.11 to  

1.15. Repeated e lec tron  micrographic examinations o f runs with the membrane 

in  a v a r ie ty  o f conditions (small v e s ic le s , large  v e s ic le s , or sheets) 

shows v a ria tio n  in  sedim entation in  d if f e re n tia l  cen trifu g a tio n  re la te s  

to  the form of the  membrane in  the p repara tion .
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Fig. 7. Electron micrograph, o f f la g e l la  membrane a f te r  cen trifugation  
a t  113,700 X X 111,000.
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Fig. 8. E lectron micrograph of f la g e lla  membrane a f te r  cen trifu g a tio n  
a t  250,000 X £  fo r 3 hours. Some membrane v es ic le s  were converted to  
l i t t l e  membrane sh ee ts . X 71,600.
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Electron. Microscopy of Other F lag e lla r  Components - The axoneme 

preparation  i s  shown in  F ig . 9 . There is  some contamination from 

in ta c t  f la g e lla  membrane. F ig .11 shows a mixture o f mastigonemes and 

membrane v esic le s  p r io r  to  continuous sucrose density  gradient c e n tr i­

fugation (Scheme I ) . The p re c ip ita te  a t the bottom of the cen trifuge 

tube is  ca lled  mastigonemes Prepn. 2 and contains e s se n tia lly  mastigo­

nemes w ith some membrane contamination. Mastigonemes Prepn. 1 co n sis t 

e s se n tia l ly  o f tubu lar mastigonemes and filamentous cy linders (F ig .10) which 

could be e i th e r  extramastigoneme filam ents o r fibrous mastigonemes since 

these are ind istingu ishab le  in  the e lectron  micrographs. The mastigo-
O

neme sh a ft i s  200 A in  diameter in  agreement w ith Bouck ( 1 7 ) .  The 

e lec tro n  micrograph of the "extramastigoneme filam ents" p reparation  is
O

shown in  F ig . 12. These filam ents are approximately 30-35 A in  diameter 

and appear to  vary in  length . The filam ents have not previously  been 

iso la te d . Although we id e n tify  them as "extramastigoneme filam ents" 

i t  should be understood th a t  we could not p o s itiv e ly  id e n tify  them as 

such since they could be fibrous mastigonemes.

E lectrophoretic  Analysis o f the F lag e lla r  Components - The p ro te in  

or subunits o f  the various f la g e lla  frac tio n s  was examined by SDS-poly- 

acrylamide gel e lec tro p h o res is . Specific p ro te in s could be assigned to  

c e r ta in  f la g e lla  f ra c tio n s . By comparing the p ro te in  bands and the 

areas o f the  appropriate regions o f the densitom etric scans of the g e ls , 

the r e la t iv e  p u rity  o f the various frac tio n s  was determined. Five 

marker p ro te in s were used to  determine the molecular weight o f f la g e l la
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Fig. 9. Electron micrograph of axonemes. Some in ta c t f la g e lla  and some 
membrane contamination were seen. X 44,700.
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Fig. IQ. Electron micrograph o f negatively  s ta ined  (ammonium molybdate) 
mastigonemes Prepn. 1 . X 139,000.
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Fig. 11. E lectron micrograph of a mixture o f  mastigonemes and membrane 
v e s ic le s  p r io r  to  continuous sucrous density  g radient cen trifugation  
(Scheme I) which y ie ld s  mastigonemes Prepn. 2 and a pure membrane 
p repara tion . X 139,000.



Fig. 12. Electron micrograph o f "extramastigoneme filam ents". At p re ­
sen t, they cannot be p o s itiv e ly  id e n tif ie d  as such since they could be 
fibrous mastigonemes. X 139,000.
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p ro te in s , a p lo t o f m igration vs. molecular weight i s  shown in  F ig. 13 .

E lectrophoretic  Analysis of Whole F lag e lla  and F lag ella  Membrane - 

The whole f la g e lla  and f la g e lla  membrane p ro te in  p a tte rn s  s ta ined  with 

Coomassie blue and the corresponding densitom etric scans are shown 

in  Fig. 14. Some p ro te in  remained on top of each g e l. Any pro­

te in  having a molecular weight su b s ta n tia lly  la rg e r than 120,000 would 

remain a t  the top and was not in v estig a ted . F la g e lla r  membrane showed 

five  major pro tein  or subunits having molecular weights o f 54,000, 

47,000, 34,500, 31,000 and 28,000 daltons and five  minor p ro te in  bands.

E lectrophoretic  Analysis of Mastigonemes and "Extramastigoneme 

Filaments" - Two mastigoneme preparations were obtained. The e le c tro ­

phoretic  analysis in  F ig. 15. Shows th a t  the mastigonemes Prepn. 1 

contained 3 major p ro te in  bands. Two of them were revealed as doublets 

and migrated with an average v e lo c ity  corresponding to  83,000 daltons, 

the o ther major p ro te in  band migrated with a v e lo c ity  corresponding to

54.000 daltons. A minor p ro te in  band migrated with a v e lo c ity  co rres­

ponding to  110,000 daltons. Some p ro te in  remained on top of the g e l, 

and a heavy carbohydrate band is  seen near the track ing  dye. All these 

major and minor bands were glycoproteins since they were sta ined  with 

period ic  acid S ch iff s ta in . The mastigonemes Prepn. 2 contained a 

major p ro te in  band which migrated w ith a  v e lo c ity  corresponding to

46.000 daltons. A dditionally , th is  p reparation  contained a l l  those 

p ro te ins found in  mastigonemes Prepn. 1. The e lec tro p h o re tic  analysis
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Fig. 13. Determination o f th e  molecular weight o f  some 0. danica 
f la g e l la  p ro te in s . X = major unknown p ro te in  in  a f la g e l la  f ra c tio n , 
o = one o f the 5 marker p ro te in s .
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Fig . 14. Whole f la g e l la  (WF) (•—0 and p u rif ie d  f la g e l la r  membrane (MB) 
(»—■) so lu b ilized  in  1% SDS, 1% m ercaptoethanol, 0.01 M sodium phos­
phate b u ffe r (pH 7.0) and electrophoresed on SDS—10% acrylamide gels 
fo r 4.5 hours. Both gels  were s ta ined  w ith  Coomassie blue. The cor­
responding densitom etric scan o f the gels a t  600 nm is  a lso  shown.
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Fig. IS., P u rified  mastigonemes so lu b ilized  in  1% SDS, 1% mercaptoethanol, 
0.01 M sodium phosphate b u ffe r (pH 7.0) and electrophoresed on SDS “ 10% 
aery1amide gels fo r 4 .5  hours. The corresponding densitom etric scan of 
the  ge ls  a t  60Q nm i s  shown. A (» —o ) , Mastigonemes Prepn. 1 s ta in ed  with 
period ic  acid  S ch iff procedure; B (» —•}, Mastigonemes Prepn. 2 sta ined  
w ith  Coomassie blue; C (*—■), Mastigonemes Prepn. 1 sta ined  with Co- 
omassie b lue . The Prepn. numbers re fe r  to  Scheme I .
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of the "extramastigoneme filam ents" p reparation  (not shown) ind icates 

th a t i t  contained a major p ro te in  band which migrated with a v e lo c ity  

corresponding to  46,000 daltons; a broad p ro te in  peak which spread 

over the 28-34,000 range and is  probably due to  membrane contamination; 

and a heavy carbohydrate band m igrating a t the same re la t iv e  m obility 

as the carbohydrate band found in  mastigoneme Prepn. 1 and Prepn. 2 

(near the track ing  dye). Thus the 46,000 p ro te in  band and the ca r­

bohydrate band near the tracking  dye were id e n tif ie d  with the "ex tra ­

mastigoneme filam ents".

E lectrophoretic  Analysis o f Axonemes - The axoneme preparation  

showed one major p ro te in  band having a molecular weight o f about 

54,100 daltons, several minor p ro te in  bands and some p ro te ins having 

high molecular weights remained on top o f the polyacrylamide gel 

(F ig . 1 6 ). I t  is  important to  note here th a t  a t le a s t  one high 

molecular weight p ro te in  (500,000 daltons) would be an tic ip a ted  in 

th is  preparation  as the dyneins (ATPases) which are the  "wings" 

attached to  each o f the ou ter nine doublets should be p resen t in  

the p reparation . These p ro te ins would be found in the o rig in ,
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WHOLE FLAGELLA  
AXONEMES ( 9 + 2 )

Fig. 16. Whole f la g e l la  (WF) (----- ) and axonemes (AX) (.......■) so lu b ilized
in  1% SDS, 1% m ercaptoethanol, 0.01 M sodium phosphate b u ffe r (pH 7.0) 
and electrophoresed on SDS—10% acrylamide gels fo r  4.5 hours. Both 
gels were s ta ined  w ith Coomassie b lue. The corresponding densitom etric 
scan o f gels a t 600 nm is  also  shown.
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Lipid Composition of 0. daaiga. (dark grown) - Autoradiograms of

TLC separation of 0. danica lipids are shown in Fig . 17 and in Fig.18 .

The po lar l ip id s  were separated by two dimensional TLC by Rouser's 

system. Phosphatidylcholine and phosphatidylethanolamine were iden­

t i f i e d  by using A solectin as a standard. The p a tte rn  obtained in th is  

system fo r the po lych lorosu lfo lip ids is  c le a rly  shown. Sphingosine
3

containing l ip id  had been found to  be le ss  than 0.3% o f the to ta l  l ip id  , 

which was the lim its  o f detection  used. Nonpolar lip id s  migrated to  

the upper l e f t  hand corner o f the  p la te . F ig .18 shows a one dimensional 

TLC o f 0. danica l ip id s  developed in  a solvent system o f etherrhexane 

3:7 (v /v ) . The nonpolar lip id s  were separated and the po lar lip id s  

remained a t  the o rig in . Cholesteryl o lea te  was synthesized and used 

as a standard. Stigm asterol was also  used as a standard. Six s te ro ls  

have been id e n tif ie d  in  l ig h t grown 0. danica ( 50 ) and a l l  these 

s te ro ls  migrate with the same Rf values as s tigm astero l. Comparison 

with standards ind ica tes  th a t there  are free  fa t ty  acid  and free  

s te ro ls  in  0. danica lip id s  but no s te ro l  e s te rs .  A chromatogram with 

an id e n tic a l p a tte rn  was obtained by spo tting  the whole c e l l  d ire c tly  

on TLC without p reex traction  o f the lip id s  with chloroform-methanol.

 ̂ Gaver, R.C., and Haines, T.H. unpublished experimental r e s u l ts .

43



FATTY 
k ACIDS

PE
CHLOHO -  
SULFOLIPIDS

PC

ORIGIN-

44



F ig .17. Autoradiogram o f a TLC o f po lar l ip id s  from 0. danica (dark 

grown). Crude l ip id  ex trac t was spotted  on the lower r ig h t hand com er. 

Blue se n s itiv e  no screen X-ray film  was used. The adsorbent was S il ic a  Gel 

F-254 precoated TLC p la te s  from Brinkman Instruments Inc. Solvent system 

1, chloroform:methanol:28% (w/v) aqueous ammonia 65:35:5 (v /v /v ); solvent 

system 2, chloroform :acetone:m ethanol:acetic acid :w ater 5 :2 :1 :1 :0 .5  

(v /v /v /v /v )* PC -  phosphatidylcholine, PE = phosphatidylethanolamine.
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Fig. 18. Autoradiogram o f a TLC o f nonpolar lip id s  from 0 . danica (dark 
grown). Crude l ip id  ex tra c ts  was spotted  on S ilic a  Gel F-254 adsorhent. 
The solvent system i s  ether:hexane 3 :7 . Blue se n s itiv e  no screen X-ray 
film  was used.
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Polar Lipid Composition of 0. danica Flagella and of the Flagellar

Membrane - The p o la r l ip id s  o f the f la g e l la  were separated by two dimen­

sional TLC using Rouser's system. An autoradiogram of the l ip id s  ob tain­

ed from the f la g e lla  o f [ ^ c ]a c e ta te  lab e lled  c e lls  is  shown in  F ig .19 A. 

Fig.l9B shows the charred TLC of the p o lar l ip id s  of the f la g e l la  sepa­

ra ted  by the same solvent system. The TLC of the f la g e l la r  membrane 

l ip id  was v ir tu a l ly  id e n tic a l to  th a t  o f the whole f la g e lla . The most s ig ­

n if ic a n t d ifference between the charred p la te  and autoradiogram is  th a t 

the heavily  charred Unknown No. 1 is  absent in  the autoradiogram. This 

means th a t  Unknown No. 1 is  not synthesized using ace ta te  as a p recursor. 

The p a tte rn  of the f la g e l la r  lip id s  i s  sim pler than the p o lar l ip id  

p a tte rn  o f the  whole c e l l .  A fu rth e r  d ifference is  the f a t ty  acid 

content o f the f la g e lla  which appears to  be h igher in  the autoradiogram 

than i t  does in  the charred p la te .

Prelim inary C haracterization  of F lag e lla  Polar Lipids - \  TLC o f the 

f la g e l la  l ip id s  cospotted with A solectin and phosphatidic acid 

standard showed th a t  the 7 polar unknowns o f the f la g e l la  do not 

cochromatograph w ith phosphatidyl choline, phosphatidic ac id , phospha­

tid y l ethanolamine, or phosphatidyl in o s ito l .  Both phosphorus analysis 

on each l ip id  and the  molybdenum spray reagent fo r  phospholipids on the 

chromatogram showed th a t the 0. danica f la g e lla  membrane contains no 

phospholipids. Prelim inary ch arac te riza tio n  of the  fa lg e lla  l ip id s  

(Table 1) shows th a t  Unknown Nos. 1, 2, 3, 6, and 7 appear to be g ly­

col ip id s . Unknown No. 5, and No. 8 because they reac t only weakly with
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Fig- 19. (A) Autoradiogram of a TLC o f p o la r l ip id s  from 0. danica 

f la g e lla .  The f la g e lla  l ip id  ex trac t was spotted  on the lower r ig h t 

hand corner. Blue sen sitiv e  no screen X-ray film  was used. Adsorbent: 

S il ic a  Gel F-254 precoated TLC p la te s . Solvent system 1, chloroform: 

methanol:28% (w/v) aqueous ammonia 65:35:5 (v /v /v ); solvent system 2, 

chloroform :acetone:m ethanol:glacial a c e tic  acid :w ater, 5 :2 :1 :1 :0 .5 (v /v /v  

/v /v ) . (B) TLC separation  o f p o lar l ip id s  from 0. danica f la g e lla .

Adsorbent, Supelcosil 42A precoated TLC p la te s . Solvent, the same 

system as in  (A). V isualized by charring with 25% (w/v) sodium b is u l­

fa te  containing 3% (v/v) H^SO .̂
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TABLE I

Prelim inary C haracterization  o f the 0. danica F lagella  Polar Lipids

Un­
known
No.

Class
Iden­
t i f ic a t io n

Ninhy-
drin

Diphen-
ylamine

2,4-Di-
n itro -
phenyl-
nydrazine

Molyb­
denum
trio x id e

Dragen-
d o rff

Cis-
aconi-
ta te

(l-l 4c)
label

Ref. 43 43 43,44 43 46

1 "Glycan" + + + - + + -

2 Unknown - + + - - - +

3 Unknown + + + - - - +

4 Chloro-
su lfo lip id s

5 Unknown - + + - - - +

6 Unknown + + + - - - +

7 Unknown + + + - - - +

8 Unknown weak weak + - - - +

9 THAGE- - + +

— Trimethyl Homoserine diAcyl Glyceryl Ether (1(3) ,2 -d iacy lg ly ce ry l-3 (l)-  
0 - 4 '- (N,N,N-trimethyl)-homoserine.
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diphenylamine do not appear to  be g ly co lip id s. Unknown Nos. 1, 3, 6,

and 7 contain n itrogen  as judged by ninhydrin reac tio n . All unknowns

reacted  w ith a c id if ie d  2,4-dinitrophenylhydrazine suggesting the p re ­

sence o f aldehyde, ketone, glycoside o r plasmalogen. One unknown 

substance, Unknown No. 1 (near the o r ig in ) , appears no t to  be a l ip id  

as i t  was not lab e lled  w ith [l^C ]aceta te . I t  i s  designated here as 

"glycan" and w ill be discussed la te r .

The Nonpolar Lipid Composition of F lag ella  - The nonpolar l ip id s  

o f the f la g e l la  were separated on TLC using ether:hexane 3:7. An 

autoradiogram o f the TLC shows e s se n tia lly  the same p a tte rn  as the 

TLC v isu a lized  by charring which is  shown in  F ig .20 . A ll o f  the 

spots shown are a lso  exposed by iod ine. Spot No. 10 has the same Rf 

value as s te ro l .  Spot No. 11 has the same Rj value as f a t ty  acid . 

Spot 9 and spot 12 n e ith e r  absorb a t  254 nm nor fluoresce a t 366 nm. 

Spot 11 and spot 13 fluoresce a t  366 nm. Spot 10 absorbs a t  254 nm 

and fluoresces a t  366 nm e n tire ly  co n sis ten t with th e i r  assignment as

the s te ro ls  o f 0. danica ( 50)•

The "Glycan"______ (Unknown No. 1) - The spot near the o rig in

(Unknown No. 1) was estim ated by dry weight to  be 5.8 times the quan­

t i t y  o f  su lfo lip id s . In order to  e s ta b lish  th i s ,  the spot and the 

ch lo ro su lfo lip id  spot were each scraped o ff  the same TLC p la te  and 

ex trac ted  with d i s t i l l e d  water and r e d is t i l le d  chloroform: methanol 

2:1 (v/v) re sp ec tiv e ly . The ch lo rosu lfo lip id s were assayed by the
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Fig. 20. TLC o f nonpolar l ip id s  o f 0. danica f la g e l la  v isua lized  by 

charring with 25% (w/v) NaHSQ̂ . containing 3% (v/v) H^S(  ̂developed in 

ether:hexane 3:7 (v /v).

(a) C holesteryl o lea te  and o le ic  acid standard.

(b) F lag e lla  l ip id  ex trac t cospotted with ( a ) .

(c) F lag e lla  l ip id  e x tra c t.

(d) F lag e lla  l ip id  e x trac t cospotted with ( e ) .

(e) Stigm asterol standard.

53



Azure A method. An average molecular weight o f 600 was used fo r the 

ch lo ro su lfo lip id . The unknown spot on TLC shows a strong p o s itiv e  

reaction  with Dragendorff reagent suggesting the presence of a quar- 

tem ary  amine group. This same unknown spot i s  not synthesized from 

[l-*^C ]acetate as revealed by autoradiograms o f th in  layer chromato­

grams although the spot chars heav ily . I t  shows p o s itiv e  reac tio n  with 

diphenylamine reagent. Carbohydrate was q u an tita tiv e ly  assayed as 

35% of i t s  weight using the anthrone reagent. The spectrum o f the

anthrone product shows a major peak a t 425 nm and a second broad peak 

a t 640 nm id en tica l to glucose. The im plications o f the  former peak 

are not c le a r . These data  suggest the absence o f f a t ty  acid in  th is  

l ip id  substance and the presence o f carbohydrate. This unknown would 

c o n s titu te  about 62% o f the to ta l  l ip id  based on i t s  weight r a t io  to  

the ch lo ro su lfo lip id s  i f  i t  had been included in  the l ip id  composition. 

I ts  phosphorus content i s  less  than 0.067% by weight. I t ' s  p ro te in  

(or phenolic and peptide) content is  le ss  than 4% by weight judged by 

the Lowry assay using bovine serum albumin (BSA) as a standard . The 

spot a lso  reacted  p o s itiv e ly  with ninhydrin.

Q uantitative Analysis o f Lipids in  the F lagella  and in  the C ells - 

Sodium [ l - ^ c ja c e ta t e  was added to  a cu ltu re  o f c e lls  in  the log phase 

of growth and the  cu ltu re  maintained fo r  3 days. The label was used as 

a sp ec ific  q u an tita tiv e  assay o f  the c e l lu la r  l ip id s .  The complete 

absence of label in  the Unknown 1 spot ("Glycan") supports th is
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contention as 35% o f th is  spot has been shown to  be carbohydrate. The 

incorporation of the  ace ta te  was fu rth e r  in te rp re te d  as on a

molar b as is  and each l ip id  was estim ated as molar percent based on the 

number o f [ l- ^ C ]a c e ta te s  incorporated in to  i t s  s tru c tu re . Unknown 

lip id s  were averaged as having two s te a ra te  chains based on the average 

f a t ty  acid composition o f the c e lls  ( 5 1 ) ,  or o f the f la g e l la  as measured. 

Using th is  approach, the l ip id  composition i s  described in  Table I I .  Fig. 

17. and Fig. 19 are autoradiograms of the th in  lay er chromatograms of 

l ip id s  obtained from dark grown c e lls  and f la g e l la  resp ec tiv e ly . The 

nonpolar l ip id s  in  each p la te  have migrated to  the upper le ft-hand  

com er o f the two dimensional p la te .

Unknown No. 5 did not separate cleanly  from the ch lo ro su lfo lip id  

mixture. The mixture was scraped from the p la te ,  ex trac ted  from the 

s i l i c a ,  hydrolysed in  1 N hydrochloric acid  and rechromatographed.

The f a t ty  acids separated from the d iol mixture and were counted separa­

te ly  to  obtain the re la tiv e  amounts of each. This experiment shows 

th a t Unknown No. 5 contains hydrolysable f a t ty  acid  e s te rs  - presumably 

d ig ly ce rid e .

Free Fatty  Acid Composition o f the F lag e lla  - The free  f a t ty  acids 

were scraped from a TLC p la te ,  ex tracted  from the s i l i c a  gel th ree  times 

with about 10 volumes o f chloroform:methanol 2:1 (v /v ). The solvent was 

removed under n itrogen , in  vacuo. The f a t ty  acids were converted to  the 

methyl e s te rs  by the use o f boron t r i f lu o r id e  in  methanol. The methyl 

e s te rs  were separated on a 10% diethylene glycol succinate column on 

Gas-Chrom,Q. The re su lts  o f the analysis are shown in  Table I I I .
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TABLE II
Analysis of Lipids in 0. danica Flagella and Whole Cells

Unknown
Number

Class
identification

Total 
cell lipids

Flagella
lipids

Total 
cell lipids

Flagellar
lipids

u icn

dpm% Molar% dpm% Molar% Molar%
Polar

Molar%
Nonpolar

Molar%
Polar

Molar%
NonPolar

1 "Peptidoglycan" 0 0
2 Unknown 0.3 0.2 0.5 0.3 0.7 1.1
3 Unknown 0.3 0.2 0.2 0.1 0.7 0.4
4 Chlorosulfolipids 13.3 13.9 17.9 20.0 47.0 72.5
5 Unknown 0.5 0.3 0.9 0.6 1.0 2.2
6 Unknown 0 0.4 0.3 0 1.1
7 Unknown 0 0.3 0.2 0 0.7 _

8 Unknown 1.3 0.8 5.3 3.6 2.7 13.0
9 THAGEa 17.9 12.4 3.4 2.5 42.0 9.1
10 Sterols 14.7 14.1 28.3 28.9 20 39.9
11 Free fatty acids 39.0 49.9 30.9 42.1 ' 71 58.2
12 Unknown 7.8 5.0 1.3 0.9 7.1 1.2
13 Unknown 

PC + PE
Unidentified polar 
lipids in whole 
cells

1.5
0.3

3.0

1.0
0.2

2.0

0.7 
0 ‘

0

0.5
0.7

7.0

1.4 0.7



TABLE I I  ( C o n t . )

14[ C]-Acetate was incubated with the cells for 3 days (8 cell divisions) in a
chemically defined medium (see methods) containing amino acids and glucose. Lipids
were separated on TLC and counted in a scintillation counter after being scraped off
the plate. The radioactivity was considered to be only in the fatty acid portion of
each.lipid molecule. Molar % refers to the fraction of that lipid present based upon
a ratio of acetate precursors used in the biosynthesis. The following numbers were
used in this ratio for each lipid indicated: All unknowns:36 (two chains);
chlorosulfolipids:22; trimethyl homoserine diglyceride:33.3; sterols:24; free fatty
acids:18. Unknown 1, the "peptidoglycan," which is 30% carbohydrate (anthrone)

14contained no label from [1- C]-acetate. It was estimated by its weight in mg to be 
5.8 times the weight of the chlorosulfolipids.

aTHAGE = Trimethyl Homoserine diAcyl Glyceryl Ether.



TABLE III

Free Fatty Acids of 0. danica Flagellar

Chain
Length

Double Bonds

0 1 2 3 4 5

14 13.5
16 14.9 4.7
18 8.8 15.8 12.5 1.7 2.4
20 1.2 4.5 1.6
22 Tr 4.9 1.5

Values are expressed as % composition based on a 
gas chromatogram of the methyl esters on diethylene 
glycol succinate (10%) on Gas-Chrom Q. The unsaturated 
esters include: palmitoleate , oleate %
lineoleate (cigs2 »̂ Y-linolenate (C^g.j)# and arachidonate 
(C20.4K  Traces (Tr) of a-linolenate and thirteen other 
esters was observed. Since a flame ionization detector 
was used the polyunsaturated acids are present in 
relatively higher amounts and the saturated fatty acids in 
relatively lower amounts than indicated.
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The Lipid to  P ro tein  Ratio - The l ip id  to  p ro te in  ra tio s  of the 

c e l ls ,  the f la g e lla  and the f la g e l la r  membrane are shown in  Table IV. 

The low value in  the whole f la g e lla  is  undoubtedly due to  the axonemes 

and mastigonemes which are polymeric p ro te in  s tra n d s .
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TABLE IV 

Lipid to  Protein Ratio 

The l ip id  analysis are based on radioassay o f the l ip id  ex trac t o f 

c e lls  cu ltu red  in  the presence o f [ l - ^ C ja c e ta te .  The sp e c ific  a c tiv ity  

o f the iso la te d  lip id s  was found to  be 8.0 X 10^ dpm per mg l ip id .  I t  

was assumed th a t  the sp e c ific  a c tiv ity  was the same in  each frac tio n  

although the  determ ination o f the sp ec ific  a c t iv i ty  was made on the whole 

c e ll l ip id  e x tra c t. The p ro te in  was estim ated with the Lowry method 

(47 ) using bovine serum albumin as a standard.

F ractions L ipid/Protein  (w/w)

Whole C ells  (dark grown) 1.1

F lag e lla 0.46

F lag e lla  Membrane 1.3
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DISCUSSION

Culture - 0. danica does not develope ch lorop last when cultured  

in  the dark. Chloroplast represen ts a su b s tan tia l f ra c tio n  o f c e ll  

weight in  l ig h t  grown c e l ls .  The ch lo rop last i s  f ra g ile  and w ill 

cause heavy contamination o f o ther frac tio n s  upon c e ll  rup tu re .

Dark grown c e lls  provide more appropriate c e l lu la r  m ateria l fo r  f l a ­

g e lla  iso la tio n . Dark grown c e lls  also  provide a le ss  complicated 

system fo r  comparison of l ip id  and p ro te in  compositions o f the 

whole c e ll  with those of the f la g e lla .

Iso la tio n  o f F lag e lla  Components - A simple and mild iso la tio n  

procedure has been developed which y ie lds a pure f la g e l la  membrane 

p reparation , an axonemes p repara tion , pure mastigonemes and an 

"extramastigoneme filam ents" p reparation . 0. danica is  d eflag e lla ted  

by means o f a vortex mixer a t  4*. This is  the m ildest d e flag e lla tio n  

method yet described. 0. danica mastigonemes had e a r l ie r  been iso ­

la ted  a f te r  treatm ent with Sarkosyl ( 1 7 ) .  Chlamydomonas f la g e l la r  

mastigonemes, membrane and axonemes were iso la ted  a f te r  addition  o f a 

nonionic detergent such as T riton  X-100, Nonidet P-40 or Sarkosyl 

( 19 ) .  The use o f detergent to  iso la te  the membrane may well have 

affec ted  the q u a lity  o f the membrane p reparation . C ilia  axonemes were 

iso la te d  a f te r  d ig ito n in  treatm ent (2 1 , 52 ) .  In the iso la tio n  proce­

dure herein  described the membrane was obtained without the in tro ­

duction of any detergen t. A ll frac tio n s  o f the f la g e l la  including 

the "extramastigoneme filam ents" were recovered.
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F lag e lla  Membrane Protein  - 0. danica f la g e l la  membrane consis ts  

o f f iv e  major p ro te ins (Fig. 14) having molecular weights o f 54,000,

47,000, 34,500, 31,000 and 28,000 daltons (Fig. 13) and may contain  

some p ro te in s la rg e r than 120,000 remained on top o f SDS-aery1amide gel.

When Chlamydomonas f la g e l la  membranes were analyzed by e lec trophoresis  

on SDS-urea acrylamide g e ls , one major p ro te in  band was observed. I t  

had a molecular weight considerably g rea te r  than 170,000 daltons (19).

The e lec tro p h o re tic  conditions (especia lly  the percent acrylamide used 

in  the gel) were s u ff ic ie n tly  d iffe re n t to  allow a c lo se r  examination 

o f a d iffe re n t molecular weight range. The presence of a large p ro te in  

band a t the o rig in  o f our gels is  co n sis ten t w ith the Ch1amydomonas r e s u l t . 

Those experiments however may not have picked up the p ro te in s  we id e n tif ie d . 

The p ro te in  a t  47,000 daltons is  in  the ac tin  range o f  molecular w eights.

Mastigonemes - The SDS-acrylamide gel e lec tro p h o re tic  analysis  o f 

mastigonemes Prepn. 1 displayed 3 major p ro te in s . The analysis  o f 

mastigonemes Prepn. 2 displayed an ad d itio n a l major p ro te in  band migrated 

w ith a v e lo c ity  corresponding to  46,000 daltons (see the sec tion  on 

R esu lts). A major d iffe rence  between mastigoneme Prepn. 1 and Prepn. 2 

can be seen from the e lec tro p h o re tic  p a tte rn  to  be the presence of a 

large  amount o f "extramastigoneme filam ents" in  Prepn. 2 whereas Prepn. 1 

lack these filam ent p ro te in s . A dditionally , the proportions o f  the 

p ro te in  components a t  54,000 and a t 83,000 in  Prepn. 2 and in  Prepn. 1 

d i f f e r  suggesting th a t  a fu rth e r  separation  was achieved.
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Hie iso la ted  mastigoneme frac tio n  presumably contains a mixture 

o f fibrous and tubu lar mastigonemes. Hie fib rous mastigonemes p re ­

sumably are co n stitu ted  of d iffe re n t p ro te in (s ) . 0 . danica mastigo­

nemes contain a tubu lar sh a ft, and th ree  types o f extramastigoneme 

filam ents of d iffe re n t lengths (17,18). A dditionally , the fibrous 

mastigonemes are ind istingu ishab le  in  e lec tron  micrographs from the 

extramastigoneme filam ents. Hie band a t 83,000 daltons i s  probably 

due to  fibrous mastigoneme p ro te in . Since a l l  mastigoneme pro te ins 

are g lycoproteins, the molecular weight should be accepted only te n ­

ta tiv e ly  because some glycoproteins do not m igrate in  SDS-acrylamide 

gels a t ra te s  proportional to  th e ir  tru e  molecular weights ( 5 3 ) .  

A dditionally , the s e n s i t iv i ty  o f the period ic  acid S ch iff s ta in  is  

much lower than th a t o f Coomassie b lue. Mastigoneme glycoproteins, 

however, gave strong reactions with the period ic  acid S ch iff s ta in .

Tubular mastigonemes have been previously  iso la te d  by Bouck 

( 1 7 ) ,  solublized in  urea, T ris  EDTA, and electrophoresed on urea- 

containing 7.5% acrylamide g e ls , y ield ing  four Coomassie blue s ta ined  

bands. All these bands s ta ined  with period ic  acid S ch iff as w ell. 

Because he did not use SDS-polyacrylamide e lec tro p h o res is , i t  i s  hard 

to  compare h is  re su lts  with the  SDS-polyacrylamide gel p a tte rn  found 

in  th is  laboratory . I t  i s  c le a r  th a t  there  are a t  le a s t  four mastigo­

neme glycoproteins. Chlamydomonas mastigonemes contain a sing le  g ly­

coprotein o f about 170,000 daltons (19 ) . This organism, however, 

has a sing le  type mastigoneme without extramastigoneme filam ents.
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In nonregenerating c e l l s ,  presumptive mastigoneme-like s tru c tu re s , 

lacking la te r a l  filam ents, were found w ithin the p erinuclear continum. 

However in  the regenerating c e lls  these s tru c tu re s  could also  be loca­

lized  w ith in  the c is te rn a l o f the Golgi complex and w ithin vesic le s  

free  in  the cytoplasm. There they possessed a l l  the morphological 

c h a ra c te r is tic s  o f the mature mastigoneme, including extram astigo- 

neme filam ents. The flagellum  i t s e l f  possesses two rows o f mastigo­

nemes from the f i r s t  appearance of the f la g e l la  stub , which ind ica tes  

th a t mastigonemes are attached concomitantly with f la g e l la  growth in  

0. danica ( 17). The extramastigoneme filam ents are added to  the 

mastigoneme sh aft in  the Golgi complex. I t  was postu la ted  by Bouck 

th a t these extramastigoneme filam ents are wholly o r in  p a r t  carbohy­

drate  ( 1 7 ) .  The extramastigoneme filam ents iso la te d  in  th is  labora­

to ry  showed th a t i t  does indeed contain a large quan tity  o f  carbohy­

drate .

Although no one knows what the physiological function o f the 

glycoprotein i s ,  i t  seems th a t i t  could serve two d iffe re n t functions 

th a t are not mutually exclusive. The f i r s t  is  th a t  o f  recogn ition ; 

esp ec ia lly  in  gamete recognition  and agg lu tination  which serves to  

allow the c e lls  to  recognize one another. The o ther possib le  function 

is  th a t i t  serves as a very p rim itive  form of c e ll  wall giving more 

r ig id i ty  ( 1 0 ) .  In red blood c e l ls ,  carbohydrate portions o f both 

glycoproteins and g lycolip ids are fixed  in  o rie n ta tio n  on the ex ternal 

membrane surface (54,55). N either the  nature nor the re la tio n sh ip  o f 

the carbohydrate to  the mastigoneme p ro te in  is  y e t known.

64



Axonemes - Axonemes were iso la te d  using these procedures with a 

small amount o f in ta c t  f la g e l la  contamination. Evidence fo r th is  s ta te ­

ment is  derived from the id e n tif ic a tio n  of some lab e lled  lip id s  in  th is  

fra c tio n  during the [^ C ]  ace ta te  la b e llin g  experiment. A dditionally , 

in ta c t  f la g e lla  contamination was observed in  the electron  micrographs 

o f axonemes, although the SDS-acrylamide gels  did not show membrane 

p a tte rn  in  the  axoneme p reparation . The gel showed one major p ro te in  

band a t  about 54,100 da ltons. These re su lts  should be compared to  

those o f Witman, et_ al^. ( 19), who stud ied  Chlamydomonas axonemes and 

to  Olmstead, eit al_. ( 56), who compared the microtubules o f neuroblas­

toma c e l ls ,  b ra in  and Chlamydomonas. These in v estig a to rs  found two 

tubulin  p ro te in s dominated the SDS-acrylamide gel p a tte rn . The pro­

te in s  had molecular weights o f 53,000 and 56,000 daltons. The id e n ti­

f ic a tio n  o f a sing le  tubu lin  band in  0. danica may be due to  two tubu­

lin s  having the same molecular weight, or the occurrence o f only one 

tubulin  in  0. danica f la g e lla .  Judging from the g e ls , however, i t  i s  

ju s t  conceivable th a t two tubulins might overlap, although repeated 

runs never showed a double band.
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The F la g e lla r  Membrane Composition - The membrane p repara tion  from 

the f la g e l la  o f  0_. danica has th ree  major c o n s titu en ts : p ro te in , l ip id  

and what appears to  be a "glycan". The l ip id  to  p ro te in  r a t io

(Table IV) i s  1.3 and the l ip id  to  "peptidoglycan" r a t io  i s  0 .6 . Nearly 

a l l  o f the l ip id s  o f the membrane appear to  be unique. A prominent 

exception i s  the s te ro ls ,  which appear to  be ty p ic a l a lg a l s te ro ls  (50 ) .  

There are no phospholipids in  the membrane. The dominant l ip id s ,  in  

add ition  to  the s te ro ls  appear to  be free  f a t ty  acids and a mixture o f 

ch lo ro su lfo lip id s  deriv a tiv es  o f 1 ,14 -docosaned io l-l,14 -d isu lfa te(32 ,33) 

and a mixture o f ch lo ro -su b stitu ted  d eriv a tiv es  w ith up to  s ix  chloro 

groups rep lacing  hydrogens on the  chain (29,30,34,57,58). The f a t ty  acids 

could conceivably be a r t i f a c t s  produced in  e x tra c tio n , e tc .  although 

every attem pt was made to  minimize th is  p o s s ib i l i ty .  The ch lo ro su lfo lip id s , 

however, cannot be considered an a r t i f a c t .  The id e n tif ic a tio n  o f these 

substances as major membrane components i s  of s ig n ifican ce  since they 

have charged p o la r groups e s se n tia lly  a t  both ends o f the molecule and 

the  molecule i s  too sh o rt to  trav e rse  the  membrane or to  resid e  as an 

im portant co n trib u to r to  the b i l ip id  l e a f l e t  i f  both p o la r  groups are a t 

th e  su rface .

Q uan tita tive  Analysis o f the Lipid Composition - The l ip id  composi­

tio n  can be analysed q u a n tita tiv e ly  by dry weight, by densitom etric  scan 

o f  charred TLC p la te s  o r  by ra d io a c tiv ity  using [^ C jla b e lle d  precursors 

o f  l ip id s .  When unknown lip id s  are p resen t the dry weight does no t give
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the molar r a t io  o f the l ip id s . Q uantita tive assay by charring is  ted ious, 

requ ires sp ec ia lly  prepared p la te s  and requ ires  standard knowns fo r each 

spot to  account fo r  the  variab le  charring response which is  c h a ra c te r is tic  

o f each compound.

Radioactive la b e llin g  with [l-*^C ]acetate  would give a molar response 

provided th a t  i t  did not label the p o la r group of unknown diacy ld ig lyce- 

rides and th a t the f a t ty  acid composition o f the sample was known. Addi­

tio n a lly  the s te ro ls  and o ther nonpolar l ip id s  are lab e lled  in  p red ic tab le  

ways depending upon the s tru c tu re  o f the l ip id .

The use of th is  approach fo r th is  system is  based upon the composition 

o f the chemically defined cu ltu re  medium which includes several amino 

acids and a large supply o f glucose. I t  was f e l t  th a t the carbohydrate 

and p ro te in  o f the c e lls  would be poorly lab e lled  from [l-*^C ]aceta te  a t 

b es t. This was confirmed experim entally by the absence o f ra d io a c tiv ity  

in  the Unknown 1 which contains 35% carbohydrate.

This method appears therefo re  to  be usefu l and re la t iv e ly  simple 

fo r es tab lish in g  the molar ra tio s  o f the l ip id s .  In order to  ca lcu la te  

these ra tio s  some assumptions are made with respect to  the s tru c tu re s  of 

the unknowns. An analysis o f the f a t ty  acids o f 0. danica shows an 

average chain length  o f ju s t  under eighteen carbons. A ll s ix  unknowns, 

which amount a lto g e th e r to  9% o f  the to ta l  l ip id s  based on raw counts, 

were considered to  be d iacy ld ig ly cerid es . The ch lo ro su lfo lip id s  were 

considered to  have eleven aceta tes  incorporated in to  each molecule (59,60) 

although some tetracosane is  undoubtedly p resen t. The s te ro ls  are
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considered to  have twelve carboxyl carbons incorporated in to  the molecule 

based upon th e i r  s tru c tu re s  ( 57 ) and the general b iosyntheric  route o f 

s te ro ls .  The alky l side chains o f the p lan t s te ro ls  are derived from 

methionine ( 61) .

Some e rro r  i s  introduced by these approximations but the e rro r is  

ca lcu la ted  to  be le ss  than 3% fo r  any case and the experimental e rro r 

is  g rea te r  than th a t fo r such v a ria tio n s  as growth conditions and v a r ia ­

tio n s  in  n u tr i t io n .

Polar Lipid Composition o f the F lag e lla r  Membrane - The l ip id  com­

p o sitio n  o f the f la g e l la r  membrane and th a t  o f whole f la g e l la  were found 

to  be id e n tic a l by two dimensional TLC. The r e s u lts  reported  h e rea fte r

are  based on analysis  o f whole f la g e lla .  The chromatograms are shown in 

Fig. 19. The l i s t  o f p o la r l ip id  components on those chromatograms can 

be found in  Table I I .  Table I shows th e ir  reactions with a v a rie ty  of

sp ec ific  reagen ts.
Probably the most outstanding fa c ts  about the membrane po lar l ip id

composition is  the to ta l  absence of phospholipids and the presence o f a 

dominant f ra c tio n  (72.5 molar percent o f p o lar l ip id s )  o f ch lorosu lfo­

l ip id s .  The former, although su rp ris in g , is  not as su rp ris in g  as the 

l a t t e r .  The absence of phospholipids does not have important im plica­

tio n s  to  the membrane s tru c tu re  as they may be replaced by o ther ion ic  

or p o la r l ip id s  with analogous s tru c tu re . This has already been noted 

in  0 . danica by Elovson who has id e n tif ie d  1(3) ,2 -d ia c y lg ly c e ro l-3 (l)-  

0 -4 ’-(N,N,N-trimethyl) homoserine as one o f the major l ip id s  in  the 

p h y to flag e lla te  with s te r ic  and ionic-hydrophobic s tru c tu ra l p roperties
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s im ila r to  those of the phospholipids ( 62) .  One may presume th a t 

Unknowns 2, 3, and 5-9 are analogous in  th e ir  s te r ic  and ionic-hydro­

phobic s tru c tu re s  to  the phospholipids. These compounds, however, 

c o n s titu te  together only 27.5 moles percent o f the to ta l  p o lar lip id s  

in  the f la g e l la r  membrane. This is  a maximum since the s tru c tu res  of 

these compounds are Unknown. The diacyl-homoserine glyceryl e th er only 

accounts fo r le ss  than 10% of the p o lar l ip id s  in  th e  f la g e lla  membrane 

although i t  co n s titu tes  42% o f  the p o lar l ip id s  in  the whole c e l l .

To our knowledge th is  is  the f i r s t  rep o rt o f a membrane to ta l ly  devoid 

o f phospholipids. This fa c t has a sign ificance  of i t s  own since the 

phospholipids are generally  considered c r i t i c a l  components o f b io log ical 

membranes ( 10,12,63,64,65 ) .

Another aspect o f the analysis  o f the f la g e l la r  membrane p o lar lip id s  

th a t emerges as an important finding is  the presence o f a dominant frac ­

tio n  of ch lo ro su lfo lip id s . These lip id s  are unsu itab le  fo r forming 

b ilay e r membranes as they are (1) very water so lub le; (2) would have a 

second ion ic  group too deep in  the hydrophobic region o f  the b ilay e r fo r 

s ta b i l i ty ;  and (3) could not "loop” back so as to  have both groups on the 

po la r surface o f the b ilay e r as the chain would only penetra te  about 

e ig h t carbons in to  the hydrophobic lay er. These fac to rs  make a b ilay er 

o f  the ch lo rosu lfo lip id s possib le  only i f  there  are p o s itiv e  charges 

deep in  the hydrophobic region to  sh ie ld  the negative s u lfa te  groups. 

(S u lfate  must be charged a t  any physiological pH since the pK is  below 1).
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Only two such cations come to  mind - one is  d ivalen t metal ions which would 

bridge two such groups and the o th er is  hydrophobic p ro te in  o r o ther 

macromolecules which penetrate  the b ila y e r . I t  i s  possib le  to  d is t in ­

guish between these and stud ies  are planned to make th is  d is tin c tio n .

Several labo ra to ries  have noted the con tigu ity  of f la g e l la r  or 

c i l i a  membranes and the c e l l  membrane. The electron  micrographs ob ta in ­

ed by us are in  complete agreement with th is  observation. A dditionally , 

R.B. James and T.H. Haines have obtained freeze frac tu re s  of 0. danica 

c e l l  membrane ( 66) which show the membrane has a frac tu re  plane ty p ica l 

o f b ilay e rs . I t  would appear, th e re fo re , th a t the awkward s tru c tu re  o f 

the ch lo rosu lfo lip ids is  somehow compensated in  the b ilay e r by o ther 

membrane components. These data exclude the  suggestion made by Brown 

and Elovson ( 6 2 )  th a t  the d iacylg lycero l trim ethyl homoserine e th e r, 

" ra th e r than the d e te rg en t-lik e  ch lo ro su lfo lip id s , la rg e ly  su b s titu te s  

fo r  the usual phospholipids in membrane b ila y e r  s tru c tu re s  in  0. danica".

Of the unknown p o lar lip id s  Unknown 8 dominates the f la g e lla  mem­

brane composition. This i s  the only unknown p o la r l ip id  th a t does not 

re a c t with diphenylamine. The o thers are apparently g ly co lip id s. This 

suggests a v a rie ty  o f unusual g lyco lip ids in  0_. danica. I t  should be 

noted th a t (D. danica could only contain le ss  than 0.3% o f i t s  po lar lip id s
3

as sphingosine . Since th a t  was the lim its  o f detection  used in  an analy­

s is  of the long chain bases.
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Nonpolar Lipid Composition o f  the F lag e lla r  Membrane - The nonpolar 

l ip id s  o f 0. danica f la g e l la r  membrane have four major components. The 

bulk  of the nonpolar l ip id s  consists  o f the s te ro ls  and free  fa tty  acids. 

The l a t t e r  w ill be discussed in  the next sec tio n . Two unknown classes 

(Unknown 12 and 13) co n s titu te  le ss  than 2 molar percent o f  the nonpolar 

l ip id s .  They are not s te ro l e s te rs  as they do not cochromatograph with 

cho leste ry l o le a te . The s te ro ls  were previously  characterized  in  th is  

laboratory  as e rg o ste ro l, b ra s s ic a s te ro l , 22 -d ihydrobrassicastero l, 

c lio n a s te ro l, p o r ife ra s te ro l and 7-dehydroporiferasterol ( 5 0 ) .  The 

r e la t iv e  composition of the  s te ro ls  are approximately th a t  reported fo r 

the  whole c e l l .  I t  is  in te re s tin g  to note th a t the molar percent o f 

s te ro l a re  in  excess o f th a t  fo r  a l l  o f  the  p o lar l ip id s  taken together- 

including the ch lo ro su lfo lip id s . This i s  in  agreement with many reports  

o f widely v a rian t po lar l ip id  to  s te ro l r a t io s  ( 6 7 ) .

Free F atty  Acids - Free f a t ty  acids represen t 42 molar % o f the 

to ta l  l ip id s  in  the  f la g e l la r  membrane. This su rp ris in g ly  high quantity  

o f free  f a t ty  acids can be explained in  three ways. I t  could be present 

in  the f la g e l la r  membrane or be produced by a very ac tiv e  lip ase  in  the 

l ip id  e x trac t o r r e s u lt  from a la b ile  hydrolysis o f  a "glycan".

0. danica grows in  acid ic  media from pH 4 to  pH 5. Cells do not grow well 

in  media a t  pH's higher than 5. Free f a t ty  acids become charged a t 

pH's h igher than 4.5,  which i s ,  in te re s tin g ly  enough, co incidental with 

the pH lim it o f growth o f 0_. danica. I t  i s  conceivable although un likely  

th a t the bulk of uncharged free f a t ty  acids f i t  in  the membrane in  the
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acid ic  pH range (pH 4-5) and th is  may o f fe r  one explanation to  the 

in a b i l i ty  o f 0. danica to  grow a t  n eu tra l o r h igher pH which is  optimal 

fo r many o ther organisms. On the o ther hand, ac tive  phospholipase and 

galactosidases o f the photosynthetic tis su e s  o f  p lan ts  have been reported 

in  l ip id  ex trac ts  and the addition  of b o ilin g  isopropanol has been em­

ployed to  in ac tiv a te  the enzymes p r io r  to  ex trac tio n  by chloroform: 

methanol 1:1 (v /v ) , which appears to  a c tiv a te  the enzymes (6 8  )•

I t  i s  a lso  conceivable th a t fo r  defensive o r n u tr i t iv e  purposes, 0. danica 

has a very high lip ase  a c t iv i ty .  I f  th is  were so , the addition  o f 

chloroform-methanol would re s u lt  in  enzymatic hydrolysis o f  the lip id s  

allowing the accumulation of a large  quan tity  o f free  f a t ty  acids. An 

attempt to  avoid the lip ase  problem was made by spo tting  the water suspen­

sion o f whole f la g e lla  and whole c e lls  on TLC p la te s  respec tive ly  

before treatm ent with any organic so lven t. Under these circumstances 

i t  i s  presumed th a t  the lip ase  would not have an opportunity to  a ttack  

l ip id s .  Furthermore the lip ase  would be denatured when the spot dried  

under n itrogen  p r io r  to  development. The developing solvent serves as 

an ex trac ting  so lvent as w ell. This method is  esp ec ia lly  applicable 

when highly rad ioactive  m ateria l i s  av a ilab le  as only small amount of 

m aterial i s  ex tracted  by the developing solvent and a highly se n s itiv e  

v isu a liz in g  method is  av a ilab le . The autoradiograms showed th a t the 

re la t iv e  quantity  o f free  fa t ty  acid is  a t  le a s t as much using th is  

procedure as i t  is  with l ip id  e x tra c ts . This experiment appears to
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exclude lip ase  a c t iv i ty  as an explanation fo r the large quantity  o f 

free  fa t ty  acids. A th ird  p o s s ib il i ty  is  th a t the free  fa t ty  acids are 

derived from the "glycan" in  a la b ile  linkage. This seems to  us

most lik e ly  and is  discussed in  the next section .

"Glycan________(Unknown No. 1) - Fig. 19B shows th a t near the o rig in ,

there  is  a heavily  charred spo t, not completely separated  from the o rig in .

This spot is  seen only in  the f la g e l la  l ip id  ex trac ts  developed in  two

dimentional TLC and v isu a lized  by charring . An autoradiogran (Fig.i9A )

shows th a t  the unknown is  not lab e lled  by [ l-^ C ]a c e ta te  in d ica tin g  the

absence of f a t ty  ac id . The boundary o f the unknown spot and o rig in  is

e a s ily  seen by i t s  co lor and p a tte rn  a f te r  exposure to  various spray

reagents.D ragendorff reagent reacted  with the spot and gave an orange

co lor while the o rig in  remained w hite. The same re s u l t  was obtained

with 2,4-dinitrophenylhydrazine. Diphenylamine and ninhydrin reacted

strongly  with both the o rig in  and the unknown but d if fe re n tly  and the

boundary between them was shown c le a r ly . Unknown No. 1 gave a p o s itiv e

reac tio n  with diphenylamine, 2 ,4-dinitrophenylhydrazine, ninhydrin and

Dragendorff reagent suggesting the presence o f carbohydrate, aldehyde;

ketone or g lycoside, amine, amino acids or amino sugars and quarter-

nary amino group.. Q uantitative anthrone analysis o f  the spot iso la te d

from two dimensional TLC p la te s  showed i t  contained 35% carbohydrate.

The spectrum of the anthrone product showed only hexose and not pentose

o r deoxysugars were presen t (69,70). This unknown i s  most l ik e ly  a

"glycan". Conceivably the spot is  a mixture o f the po lar groups accu­

mulated a f te r  hydrolysis o f p o lar l ip id s  by lip a se . The l a t t e r  i s  an
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a t tra c t iv e  explanation of the Unknown No. 1 as i t  a lso  explains the large 

amount o f free  f a t ty  acids (42 molar percent) which appear in  the f la g e l la r  

l ip id s .  As was ind icated  in  the discussion on free  f a t ty  acids in  the 

f la g e l la r  membrane p reparation  the spo tting  o f wet f la g e lla  d ire c tly  on 

the TLC p la te  did not a l t e r  the re la t iv e  amount o f the f a t ty  acids. In 

addition  the molecular weight o f the p o lar group of a diacyl l ip id  

derived from such lip ase  a c tiv ity  would have to  be g rea te r than 1600 to  

explain the re la t iv e  amounts o f  the free  f a t ty  acids and the unknown 

spo t. The expression "glycan" is  therefo re  used to  describe the

substance although i t s  molecular weight is  not known - nor is  i t  known 

th a t  a pure compound is  even present a t  th is  spot. There is  a p o s s ib i l i ty ,  

furtherm ore, th a t the "glycan" and the f a t ty  acids are re la ted

i f  one considers th a t  f a t ty  acid  e s te rs  with such a polymeric substances 

are p a r tic u la r ly  la b ile  due to the s tru c tu re  o f the "glycan".

Such an explanation is  consis tan t with the th in  lay e r chromatography and 

also  with the molecular weight r a t io s .

The assoc ia tion  o f ac tin  with the iso la te d  plasma membrane of 

Acanthamoeba c a s te l la n ii  revealed from e lectron  micrographs has been reported  

( 71). The ac tin  free  plasma membrane consis ts  o f  37% p ro te in , 31% 

lipophosphonoglycan, a macromolecule th a t  contains n eu tra l sugars (26%), 

amino-sugars (3.3%), aminophosphonates (10%), phosphate (3.2%) and 

e s te r i f ie d  f a t ty  acids (14%) ( 72).  An in te re s tin g  comparison o f the 

Acanthamoeba lipophosphonoglycan to  th is  unknown includes the carbo­

hydrate content (35%) and the free  f a t ty  acids i f  included as p a rt o f the 

unknown (15%). The d ifferences include the absence o f phosphorous in  the
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Ochromonas danica unknovm and the presence of considerable quartemary amine.
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