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A B S T R A C T

THE FLAGELLAR MEMBRANE OF OCHROMONAS DANICA:

ITS CONSTITUTION AND A PROPOSAL FOR ITS STRUCTURE

-by- 

ALVIN S. STERN 

Adviser: Professor Thomas H. Haines

The iso la t io n  and p u r i f ic a t io n  of the f la g e l la r  membrane by two 

methods is described. Both procedures were simple, m ild , rapid ,  

and produced pure membrane preparations. F lagella  suspended in 

pH 7.5 T r is  bu ffer released i ts  membrane whereas pH 7.5 Tris  buffer  

containing 1 mM EDTA a d d it io n a l ly  caused the dissociation of the 

axonemes of the f la g e l la .  The isolated membrane preparation  

contains no phospholipid but had previously been shown to contain 

instead, a mixture of chlorinated 1 , 14-docosanediol - 1 , 1 4 -  

d isu lfa tes  as i t s  primary polar l ip id s .

This requirement fo r  d iva len t cations fo r  the s t a b i l i t y  of 

the membrane was studied. P urif ied  membrane preparations were treated  

with magnesium ion (4 mM), calcium (4 mM, 10 mM), manganese ion 

(4 mM), EDTA (0.0045 mM, 0.45 mM), and no metal a t a l l .  In each case 

the preparation showed a normal t r i la m e l la r  structure
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in transmission electron microscopy. With regard to the d ivalent  

cations, there was no d is t in c t io n  between 4 mM magnesium, 4 mM 

manganese,and 10 mM calcium ions. The l a t t e r  metal ion had a d i f fe re n t  

e f fe c t  a t 4 mM. Half o f  th is  preparation was ves icu lar whereas 

the remainder appeared as membrane sheets. The 0.0045 mM EDTA 

preparation showed s im ila r  resu lts .  An increase to 0.45 mM EDTA 

yielded an increase in the number o f sheets. The absence of  

both metal ion and EDTA gave almost e n t i re ly  sheets.

The d is tr ib u t io n  o f anionic s ites  on the surface of the 

plasma and f la g e l la r  membrane was examined with the use of poly-  

cation ic  f e r r i t i n  (PCF). PCF was located over most o f the plasma 

membrane and the attached f la g e l la r  membrane although the p a rt ic les  

were l ig h t ly  scattered. The binding pattern on secreted extra ­

c e l lu la r  vesicles revealed randomly d is tr ibu ted  clumps of f e r r i t i n  

on th e ir  surface. The density o f labeling was much higher on 

these secreted vesicles than on the ce ll  surface. S im ilar results  

were observed with c e l ls  which had been p re -f ixed  with 2% 

glutaraldehyde. Iso lated f la g e l la r  membrane vesicles showed high 

in te n s ity  binding of PCF than was found on the f la g e l la r  membrane.

The data suggest that the chlorosulfatides are protected under a 

polymeric coat on the c e l l  surface.

Freeze-cleavage of the iso lated f la o e l la r  membrane vesicles  

demonstrates tha t the membrane is capable o f frac tu r in g  down a 

"cleavage plane." The frac ture  faces are smooth, re la t iv e ly  free  

o f p i ts ,  grooves, and p a r t ic le s .

The d iva lent cation composition of membrane preparations was 

studied in order to establish the molar equivalence of calcium

-5 -



and magnesium to tha t of su lfa te  ester in the membrane. Atomic 

absorption spectroscopy of membrane iso lated in 4 mM manqanous ion revealed 

tha t ne ither magnesium nor calcium were present in s u f f ic ie n t  

concentration to bind to the secondary su lfa te  groups on a one 

to two basis. When f la g e l la r  membrane was isolated in 1 mM 

EDTA b u ffe r ,  no metals were detected.

Nitrogen analysis revealed tha t a l l  o f the nitrogen is

accounted fo r  by e ith e r  protein or amino sugar.

Elemental analysis permitted estimation of the composition

of an unknown associated with the membrane. I t  is 61.2% carbon,

5.1% hydrogen and 33.7% oxygen.

Amino acid analysis demonstrated r e la t iv e ly  low concentrations 

o f basic amino acids. The analysis suggests tha t the proteins are 

acid ic .

A model is presented here fo r  the arrangement o f  the chloro- 

s u lfo l ip id s  in the f l a g e l la r  membrane of 0 . danica.
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INTRODUCTION

1. The Lipid B ilayer Models of Membranes

Biological membranes serve many purposes in l iv in g  c e l ls .  The 

most obvious is  to divide the aqueous space into  separate e n t i t ie s .  

The plasma membrane bounds c e l ls .  The inner mitochondrial membrane 

compartmentalizes both metabolites and enzymes with in  the c e l l .

I t  has been recognized fo r  about a century tha t the plasma membrane 

acts as a permeability b a r r ie r ,  con tro ll ing  the exchange of water 

and solutes between the c e l l  and i t s  environment.

The f i r s t  c lea r  evidence fo r  a plasma membrane dates from the 

observations of W. P fe f fe r  in the 1890's on the d i f fe r e n t ia l  

s o lu b i l i ty  o f  cytoplasm (1 ) .  Overton's osmotic studies on the 

root hairs of Hydrocharis mossus ranae were conducted a t about 

the same time, and his experiments showed tha t permeation of many 

solutes was proportional to th e ir  l ip id  s o lu b i l i ty  (2 ) .  The 

emphasis on the ro le  o f l ip id s  w ithin bio logical membranes arose 

la rge ly  from th is  work. However, at th is  ear ly  stage, no suggestion 

was presented with regard to the arrangement of the l ip id  or l ip id s  

u n ti l  the work o f Langmuir. Langmuir's studies (3) on monomolecular 

films a t  a ir -w a te r  interfaces suggested that the l ip id  molecules 

o r ien t  themselves in  such a way tha t the polar ends of the molecules 

associate with the water and the non-polar ends associate with the



a i r .  The importance of these studies is tha t i t  was now possible 

to measure the dimensions of molecules d ire c t ly .  Thus, ana ly tica l  

techniques, coupled with the concepts of Langmuir, enabled deductions 

to be made regarding the orien tat ion  o f l ip id  molecules w ith in  a 

membrane. In 1925, Gorter and Grendel (4) extracted l ip id s  with  

acetone from a number of what they termed chromocytes--erythrocytes 

of d i f fe re n t  mammalian species including dog, sheep, ra b b it ,  

guinea p ig , goat and man. In a l l  cases, these authors found that  

the area occupied by the extracted l ip id s ,  when spread as a mono- 

molecular f i lm  on water and measured by means o f a Langmuir 

trough, was twice the surface area of the corresponding number of 

erythorcytes p r io r  to l ip id  extrac tion . Considering that a l l  the 

' l ip id  is  present in the red c e ll  stroma (synonymous with today's  

term, ghost), the suggestion of Gorter and Grendel tha t the l ip id s  

in the membrane were arranged as a bimolecular l e a f l e t ,  with the 

polar ends of the molecules oriented toward the aqueous environment 

and the non-polar ends of the l ip id s  facing each other, was e n t ire ly  

reasonable. As shown years la t e r ,  Gorter and Grendel reached a 

correct conclusion, but only because th e ir  measurements contained 

compensating errors (5 ) .

Also in 1925, Fricke (5) used the impedance of a preparation of 

red blood c e l ls  to ca lcu la te  the capacitance of th e i r  surfaces.

He assumed that the d ie le c t r ic  constant of the membrane was about

3. He calculated the thickness of the membrane to be 3.3 x 10"'r cm. 

This value he translated to about 30 carbon atoms across the 

hydrophobic region of the membrane i f  Langmuir's (3) measurements



on f a t t y  acids were correct.

Ten years a f te r  Gorter and Grendel made th e i r  o r ig inal  

suggestion regarding the l ip id  b i lay e r  nature o f the plasma 

membrane, D an ie l! i  and Davson (7) made s im ila r ,  although in some 

respects more e laborate , proposals concerning the structure of 

biological membranes. From surface-tension studies ( 8 ) which 

showed tha t values obtained a t c e l l  surfaces were considerably 

lower than were considered possible at the time fo r  a l ip id  

surface, D a n ie l l i  and Davson proposed a model fo r  the cell mem­

brane in which the l ip id  b i lay e r  is  sandwiched between protein.

I t  has since been demonstrated (9) that phospholipids alone can 

produce low-surface tension values.

Various hypotheses of membrane structure have been proposed 

which emphasize the transport o f hydrophilic  substances through 

membranes ( 1 0 ) ,  the electron microscopic t r ip le - la y e r  pattern with  

i ts  remarkably constant dimensions ( 1 1 ) ,  and the presence of a 

large proportion of proteins in mitochondrial inner membrane ( 1 2 ) .

However, Stoekenius and Engelman (13) have made the point that in 

no case has the subunit structure fo r  a membrane been established  

beyond reasonable doubt.

With the increased awareness of the importance o f protein in 

membranes several workers have turned th e ir  a tten tion  to a con­

sideration o f the organization of proteins and the nature of l i p i d -  

protein in teractions in membranes. For example, models have been postulated 

by Wallach and Zahler (14) and by Lenard and Singer (15 ).  Using 

optical rotary dispersion and c irc u la r  dichroism to investigate



the protein conformations in various membrane preparations, these 

workers derived models in which a portion of the membrane protein  

is present in he lica l conformation as opposed to random c o i l .

Wallach and Zahler (14) suggested tha t the hydrophilic portions 

o f membrane polypeptide are located on both surfaces of the membrane 

and are joined by hydrophobic peptide rods which cross the non­

polar core o f the membrane. Singer and Nicolson (16) have 

emphasized the concept of a f lu id  or dynamic nature o f membranes.

The c lassical model o f Gorter and Grendel described a s ta t ic  

membrane which does not allow fo r  the many b io log ica l properties  

o f membranes.

In add ition , Singer and Nicolson are careful to distinguish  

between what they term "peripheral" and " in tegra l"  proteins of 

membranes. The former type of proteins are categorized as those 

which require only mild treatments, such as increase in ionic  

strength or use of chelating agents, to dissociate the in ta c t  

molecule from the rest of the membrane. These "peripheral"  

prote ins, examples of which are cytochrome C of mitochondrial 

membranes and spectrin of erythrocyte membranes, are held 

to the membrane by weak in teractions and, as opposed to the 

" in teg ra l"  prote ins, are associated p rim arily  with the polar ends of the l ip id s  

of the membrane. The " in tegra l"  prote ins, which constitu te  the 

major protein w ith in  the membrane, require much more drastic  

treatments to dissociate them from the membrane than the "peripheral"  

proteins. The separation of membrane proteins into  two classes is  

believed to be p a r t ic u la r ly  important when considering membrane
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structure since the "peripheral" proteins may not be d ire c t ly  

relevant to the s tructura l question.

The arrangement of the l ip id s  has been convincingly shown 

by freeze frac ture  to be a b i la y e r ,  despite suggestions of a 

m ice llar  occurrence of l ip id s  in ce lls  as well (17 ).  However, 

i t  was necessary fo r  a series o f elegant experiments to be per­

formed before workers in the f ie ld  could be persuaded tha t the 

cleavage was indeed down the center of the membrane (1 8 ).  Moor 

and Muhlethaler (19) had suggested tha t the outer and inner sur­

faces of the membrane are revealed by freeze f ra c tu re .  Branton 

( 2 0 ) argued tha t the cleavage takes place along the in te r io r  of 

the membrane. In order to resolve th is  dispute, Pinto da S ilva  

and Branton (21) covalently linked f e r r i t i n  to both sides of  

the membrane of erythrocyte ghosts and then demonstrated tha t  

f e r r i t i n  was never observed on the frac ture  faces. F e r r i t in  

could, however, be demonstrated on the surface of the membrane 

following deep etching. In a s im ila r  study, in which the human 

erythrocyte ghost was labeled with fibrous a c t in ,  T i l la c k  and 

and Marchesi (22) confirmed tha t cleavage takes place w ithin  

the membrane.

2. A r t i f i c i a l  Membranes

Two major a r t i f i c i a l  membrane systems have emerged fo r  the 

spec if ic  exploration of the arrangement of l ip id s  in the membrane



and th e i r  function. These are the liposome or unilam ellar  

vesicle  and the black f i lm  or b i la y e r  membrane (BLM). Although 

vesicles were frequently  the form in which natural membranes 

have been iso la te d , i t  was Kaback and his co-workers (23, 2 4 ) ,  who 

f i r s t  showed the usefulness of iso lated vesicles o f natural mem­

branes fo r  transport studies and thereby th e i r  v ia b i l i t y  as 

reasonable models fo r  s tructura l studies of natural membranes.

BLM was developed by Mueller and his co­

workers (25 ).  The BLM was formed by placing a droplet o f  a mixture 

of phospholipids in a hydrocarbon solvent on a small o r i f ic e  in a 

p la s t ic  sheet, which separated two compartments f i l l e d  with an aqueous 

medium. The solution in the o r i f ic e  quickly "drained" and a 

"black membrane" formed.

The BLM and the liposome membranes (26 -  28) have yielded  

useful information on the probable assembly, s ta b i l iz a t io n ,  

permeability  and molecular motions of the l ip id  constituents  

o f b io logical membranes. Since these a r t i f i c i a l  membranes are 

of controlled composition, they have permitted productive explora­

t ion  of membranes with X-rays, NMR, fluorescence, in frared  and 

Raman spectra, ESR, d i f fe r e n t ia l  scanning calorimetry (DSC), photo- 

dichroism and many other physical techniques. The sequencing of 

several transmembrane proteins and the establishment of the 

asymmetry o f membrane systems have equally emerged as major in ­

sights into  the fundamental structure o f natural membranes.



3. Physical Properties o f Membranes

Many l ines  of evidence have indicated tha t transport and 

other functions of b io logical membranes are sharply inh ib ited  as 

the temperature is lowered below the thermal phase tra n s it io n  

from a disordered smectic sta te  to a p a racrysta ll in e  s tate  (29).  

This has been explored most e f fe c t iv e ly  by DSC.

This tra n s it io n  is  dependent upon the nature of the hydro­

carbon chains o f  the l ip id s .  The introduction of one trans double 

bond per chain has a n eg lig ib le  e f fe c t  on the phase tran s it io n  

of a membrane b i lay e r  but the introduction of a cis double bond

dram atically  decreases the tra n s it io n  temperature o f the b i lay e r .
1 3Recent evidence from deuterium and C NMR has shown (30, 31) 

th a t the f i r s t  nine to ten carbons (always saturated) o f  the fa t ty  

acid chains are in the trans conformation, and that beyond tha t  

point there is  a s tr ik in g  increase in the amplitude and the ra te  

o f motion fo r  each carbon towards the methyl end of the chain.

This applies to each side of the b i lay e r .  This view is e n t ire ly  

consistent with the V-ray data of Engelman (32) which showed that  

the spacing between the l ip id  chains is  e sse n tia l ly  that of a 

hydrocarbon c ry s ta l ,  namely an hexagonal array. The spacing 

distance s h if ts  from .417 nm (sharp) to .46 nm (broad) as the 

temperature o f the membrane is raised from below the phase trans­

i t io n  in to  i t ,  but the hexagonal array remains. The arrangement 

of a lky l chains in an hexagonal array requires tha t the carbons 

be in a trans conformation. I t  may, th ere fo re , be concluded that
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the f i r s t  nine carbons o f fa t ty  acids in bilayers (without 

s te ro ls )  are in a paracrysta ll ine  s ta te ,  and that beyond the ninth  

carbon the chains are in d isarray.

The membrane bilayers may now be looked a t as two sheets of 

ionic head groups tha t are approximately 5.0  nm apart (32) which 

res t between two highly organized molecular layers. One la y e r ,  

away from the center of the b i la y e r ,  is a highly organized aqueous 

region; th is  follows from the water of hydration of a l l  ions in 

aqueous solution. The other la y e r ,  toward the center of the b ilayer  

and including h a lf  the distance toward the center, is a r ig id  

region o f hydrocarbon in the p a racrysta ll in e  s ta te . Beyond that 

r ig id  block is an in t e r io r ,  disordered, smectic state which 

extends from about carbon 9 or 10 on one side o f the b ilayer  and 

spans the in te r io r  to the same point on the other side o f the 

b ilay e r .

This view o f membrane b ilayers is e n t ire ly  consistent with the 

s truc ture , the arrangement, and the ro le  o f cholesterol in the 

b ilaye r  (33 ).  This molecule is  r ig id  in the region of the rings and 

f le x ib le  on i ts  side chain;thus i ts  o r ien tation  in the b ilayer  

with the hydroxyl group hydrogen bonded to some portion of the polar 

head groups would enhance the r ig id i t y  of the paracrysta ll ine  

regions and yet permit f l e x i b i l i t y  in the in te r io r  smectic. I t  

is  perhaps not coincidental tha t the r ig id  part of the molecule 

terminates at about carbon 9 of the fa t ty  acid chain.

This view of the membrane tha t is emerging from the data 

currently  ava ilab le  suggests that the cis double bond at the 9



p os ition , and those more d is ta l  as w e l l ,  are a l l  in the in te r io r  

smectic or a t the border between the two regions. The function  

of the in te r io r  smectic region of membrane bilayers is  not known.

I t  is  widely assumed to impart l iq u id i t y  to the membrane.

In the plane of the membrane the l ip id  molecules, at f i r s t  

thoughtto be free  to move as a solvent, have been shown by Jost 

(34) and others to be more re s t r ic te d --e s p e c ia l ly  in the v ic in i ty  

of membrane protein molecules around which they form an annul us.

The re s t r ic t io n  on the motion of l i p id  molecules in the v ic in i ty  of 

a protein may be explained by the sequence of glycophorin as 

established by Marchesi and his co-workers (35) with respect to 

the asymmetry of the phospholipids in the erythrocyte membrane.

There is  a series o f 4 arginines and lysines in the protein sequence 

w ith in  the f i r s t  9 residues on the inside surface of the membrane. 

This surface has been shown to contain v i r t u a l ly  a l l  of the 

phosphatidyl serine (the only anionic l ip id )  in the membrane (36, 

37).

4. The F la g e l la r  Membrane of Ochromonas danica

Protozoa have proven to be a useful model system fo r  studying 

membrane structure and biogenesis. Although they strongly resemble 

the c e lls  of higher animals and plants in th e ir  d iv e rs ity  of  

membrane-rich organelles, they also possess the same advantages 

found in bacteria  with respect to ease o f experimental manipulation.
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The p h y to fla g e lla te ,  Ochromonas danica, in addition to these 

advantages contain a substantial quantity of a series of unusual 

s u lfo l ip id s ,  making then an even more a t t ra c t iv e  model system to study 

the structure o f membranes. Those compounds (F ig . 1) are 1, 14- 

docosanedio l-1 ,14-d isu lfate , and a group of polychloro derivatives  

with from 1 to 6 chloro groups replacing hydrogen atoms on the 

chain. These are accompanied by a smaller group of analogous 

substances, namely, 1, 1 5 - te trac o s an ed io l- l , 1 5 -d isu lfa te  which are 

l ikew ise chlorinated (38 -45).

As a l ip h a t ic  su lfa te  esters with a second polar group down 

the chain of the l ip id  molecule, and as l ip id s  containing halogen 

atoms replacing hydrogen atoms on the otherwise saturated chain, 

they are t ru ly  unique membrane l ip id s .  There are indications that  

these compounds are by no means re s tr ic te d  to 0. danica. Mercer 

and Davies (46, 47) have id e n t i f ie d  these substances in three 

Chlorophytes (green a lg ae ),  two Xanthophytes and two Cyanophvtes 

(blue-green algae) in addition to the tv/o Chrysophytes (golden 

algae) one of which is 0. danica. More recen tly , Liem and Laur 

(48) have found four new aliphatic  sulfates in three Fucacea (brown algae) from 

the coast of Britany: Pelvetta canaliculata  (L ) ,  Fucus vesiculosus( L ) , and

Fucus serra tios  (L ) .  The four a l ip h a t ic  sulfates are: 1, 1 8 - t r ic o -

saned io l-1 , 1 8 -d is u lfa te ;  n-tricosanol su lfa te ;  1 , 6 -octadecanediol- 

1 , 6 -d is u l fa te ;  and 10 -e ic o s e n e - l , 8 - d i o l - l , 8 -d is u l fa te .

The s t a b i l i t y  o f  the b i lay e r  is  large ly  based upon the structure  

of the polar l ip id s  which are present in membranes. All polar  

l ip id s  consist of hydrocarbon chains which terminate as a methyl



Chlorosulfolipids of Ochromonas donica 
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ôso; A A a A A a AAAAA/^oso;
Cl Cl Cl Cl Cl Cl

Cl OSO3  ci Cl Cl OSOi

\ a v \ A / y \ a a V ^  A A / v V y y v v w y  OSO;
Cl Cl Cl Cl Cl Cl Cl Cl

Fig. 1. Structures o f the chlorosulfatides described to date
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group at one end and a polar hydrophilic group a t  the other end.

The ha losulfo lip ids  present an in te res ting  exception to th is  

pattern since they contain a su lfa te  group a t one end of the chain 

and a second su lfa te  near the middle o f the chain. A d d it io n a lly ,  

th is  l ip id  should not be su itab le  fo r  forming a monolayer or 

presumably a b i la y e r ,  since i t  is  water soluble.

The f l a g e l la r  membrane of 0. danica has been demonstrated 

to be uniquely useful fo r  membrane structure studies. Over 90% 

o f the polar l ip id s  of the f la g e l la r  membrane consists o f the 

chlorosu lfo lip ids  (49 ).  The high content o f  these substances in 

a membrane implies th a t the secondary su lfa te  is  positioned deep 

in the b i laye r  o f the membrane.

Other features of the f la g e l la r  membrane of 0. danica makes 

i t  amenable to s tructura l studies. I t  can be eas ily  iso lated in 

high purity  by f i r s t  amputating the flageVIa from the ce lls  and 

then separating the sole membrane of the organelle from the axoneme 

("9 + 2" s truc tu re --F igure  2) by adjusting the pH to 7.5 in the 

absence o f detergents (50 ).  The membrane, which is approximately 

8 nm thick in e lectron micrographs is never found associated with 

a second membrane, envelope or wall that is v is ib le  in electron  

micrographs. This is typ ical o f f la g e l la r  and c i l i a r y  membranes 

and may well be re la ted  to a requirement fo r  f l e x i b i l i t y .  This is  

of some special s ignif icance since the membrane is  an unusually 

th in  b a rr ie r  between the cytoplasm and the outside medium. I t  

shows no osmolality when the fresh water organism is suspended 

in deionized water. Most ce l ls  th a t do not burst under these
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Fig. 2. Diagrammatic representation of f la g e l la  u ltra s tru ctu re

MB: Flagella  membrane

D: Dyneins

A: ( 9 + 2 )  Axoneme

TM: Tubular mastigonemes

FM: Fibrous mastigonemes

EMF: Extramastigoneme filaments
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circumstances are protected by a wall or envelope.

In the case of the fresh water f la g e l la te s  and c i l i a t e s ,  

one might suspect that the l ip id  composition of the f la g e l la r  and 

c i l i a r y  membranes would necessarily be of unusual structures. This 

is so because such l ip id s  would necessarily be exposed in nature to 

l ip o ly t ic  enzymes from other organisms which would l i k e ly  destroy 

the membrane. Most microbes are protected by a p ro te in , poly­

saccharide, glycoprotein or other polymeric coat that would protect 

them from such hydrolysis. There are only two organisms that  

lack such protection in which the l ip id s  have been characterized; 

namely, the c i l i a  o f Tetrahymena p.yriformis (51 -  58) and the 

f la g e l la  of Ochromonas danica (5 9 ) ,  and each have turned out to 

contain p r im arily  l ip id s  with exotic structure .

As is evident from electron micrographs (6 0 ) ,  the f la g e l la r  

membrane is  almost surely continuous with the c e ll  membrane. I t  

is c e r ta in ly  less varied in i ts  proteins and less complicated 

than the c e l l  membrane. Many o f the functions of the c e ll  membrane, 

e .g . :  the transport o f most nu tr ien ts  are l ik e ly  to be absent.

The surface of the f l a g e l la r  membrane of 0. danica has 

glycoproteins. As has been shown by Bouck (60) and confirmed by 

Chen and Haines (5 0 ) ,  the mastigonemes ( s t ic k - l ik e  rods extending 

from the axonemes (60) with extramastigoneme filaments on them— 

see Figure 2) consist p r im arily  of glycoprotein. The membrane has 

been shown to contain a t leas t f iv e  major protein bands in SDS-gel 

electrophoresis (50) a l l  o f which are glycoproteins. The sugar 

composition of both the mastigonemes and the membrane are dominated
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by rhamnose (61 ).

I t  is  l i k e ly  tha t some or a l l  o f the membrane glycoproteins  

are recognition s ites  ch ara c te r is t ic  of the c e l l ,  p a r t ic u la r ly  

since the ce ll  membrane and the f l a g e l la r  membrane appear to be 

continuous (60 ).  Such recognition s ites  were studied by Wiese (62) 

in Chlamydomonas, who found tha t f la g e l la  t ip s ,  or isoagglutinins  

from one mating type can agglutinate  c e l ls  from the opposite mating 

type. The mating of Chlamydomonas has been studied extensively  

(63) and th is  process is  in t im a te ly  associated with the f la g e l la r  

membrane and i ts  surface.

In summary, the f l a g e l la r  membrane of 0. danica is  the f i r s t  

f l a g e l la r  membrane th a t has been explored in any d e ta i l .  I ts  

l ip id  composition is  unique as may well turn out to be the case with  

f l a g e l la r  membranes of a l l  micro-organisms. The uniqueness o f the 

membrane l ip id s  stems from three important s tructura l components:

a. The l ip id s  are a lky l su lfa tes . As described above, 

these l ip id s  have only one chain to two su lfa te  groups.

The typ ica l membrane l ip id  has two hydrophobic chains to 

one charge.

b. There are from 0 to 6 chloro groups on the a l ip h a t ic  

chain.

c. Perhaps the most unique aspect o f these ch lorosu lfo lip ids  

as membrane components is the fa c t  tha t they contain a 

secondary su lfa te  in the middle o f the chain. No other
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membrane l ip id  has th is  structura l feature and i t  

must have implications to the arch itec ture  o f  the 

b ilay e r  o f b io logical membranes.

This study was designed to u t i l i z e  the unique l ip id  composition 

of 0 . danica's f l a g e l la r  membrane to obtain a be tte r  understanding 

of the biochemistry and structure of b io logical membranes. Previously  

i t  had been extremely d i f f i c u l t  fo r  workers in the membrane f i e ld  

to obtain data about the spec if ic  arrangement of s tructura l l ip id s  

in b io logical membranes. The ch lorosu lfo lip ids  are unusual 

l ip id s  in th e ir  fundamental s tructura l outlines and consequently 

d i f f e r  in th e i r  physical and chemical properties from the phospho­

l ip id s ,  g lyco lip ids  and other polar membrane l ip id s .  Nonetheless, 

they constitu te  over 90% of the polar l ip id s  o f  the f l a g e l la r  

membrane of Ochromonas danica (49 ).

Using th is  membrane as a model system, the manner in which 

the l ip id s  are arranged in the membrane was explored.

Is the basic structure  of the membrane th a t of a bilayer?

How can secondary sulfates be positioned deep in the b i laye r  and 

with what counter-ion? ( I t  is asserted here that the charged 

su lfa te  group is  deep in the membrane because i f  both sulfates were 

at the surface, th e ir  b i la y e r  contribution would be less than nine carbon 

atoms long. Monolayers cannot be made with 8 -carbon chains.) How 

can the polyanionic surface (a lky l su lfa te  membrane) be s ta b il ize d  

without charge repulsion? How can a bio logical membrane be made of
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a water-soluble detergent?

Three experimental approaches were used to answer these 

questions:

a . Establish q u a n t i ta t iv e ly  the metal cations (sepcif ica ll.y  

d iv a le n t)  in the membrane preparation. This was necessary 

as the secondary su lfa te  groups may have been held in

the hydrophobic b i lay e r  by ion pa iring  (to magnesium or 

calcium) shielding the charges of two secondary sulfates  

and thereby permitting overall hydrophobicity.

b. Explore the possible presence of an organic nitrogen 

cation that could shield a charged su lfa te  in a hydro- 

phobic region. This compound may have been analogous 

to the 1ipophosphonoglycan of amoeba (6 4 ) ,  or the l ip o -  

polysaccharide of Salmonella (65, 6 6 ) ,  although these 

p a r t ic u la r  polymers have a l l  th e i r  nitrogens in amide 

l in k s .  Is there a small d ivalent organic cation in the 

membrane preparation? Such an organic cation would 

necessarily show up in a nitrogen analysis.

c. Study membrane protein composition. In th is  case an 

argin ine or lysine residue on an " in teg ra l"  (16) protein  

might s ta b i l iz e  the secondary su lfa te  deep in the b i lay e r .



In order to gain a b e tte r  understanding of the membrane 

s truc ture , the membrane was studied under d i f fe re n t  conditions, 

i . e . ,  various concentrations o f metal cations and EDTA. 

Electron microscopy was used to observe the character of the mem­

brane vesicles.

F in a l ly ,  cationized f e r r i t i n  (67) was used to study the 

a c c e s s ib i l i ty  o f the chlorosulfatides to the p o s it ive ly  charged 

protein. These experiments were conducted on (1) whole c e l ls ,  

(2 ) iso lated whole f l a g e l la ,  and (3) the isolated membrane 

vesicles.

This thesis presents these analy tica l and micrographic 

studies on th is  unique membrane. A model fo r  the arrangement 

of the ch lorosu lfo lip ids  in the membrane w i l l  be presented.



EXPERIMENTAL PROCEDURES

Cultures

Ochromonas danica was grown in the modified chemically  

defined medium of Aaronson and Baker ( 6 8 ) .  Unless otherwise 

stated , the chloride ion concentration of the medium was 0.197 M 

(Table 1 ) .  This concentration was chosen to maximize the amount 

of hexachlorosulfatides produced while the growth ra te  was 

nearly normal.

Inoculations were conducted in ambient l ig h t  and the ce lls  

were cultured at 23.5°C in darkness.

F lagella  Detachment and Iso la t io n  (Scheme I )

Cultures of 0. danica were harvested 5 days a f te r  inoculation  

by centr ifugation  a t  300 x £  fo r  15 min a t  4°C in a Sorvall RC 2-B 

centr ifuge. Cells  were washed with fresh media. The ce lls  were 

then resuspended in fresh media (1/30 of the orig ina l culture  

volume) a t  4° and cooled fo r  1 hour before d e f la g e l la t io n .  F lagella  

were detached by a g ita t io n  in a 2.5 cm x 10 cm centrifuge tube 

fo r  24 sec (3 sec each time, 8 t im es), a t  top speed in a Vortex- 

Genie (S c ie n t i f ic  Industries In c . ,  S p rin g fie ld , Mass. 01103).

In ta c t  and d e flag e lla ted  c e l l  bodies were then removed from the
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Table 1

DEFINED HIGH-CHLORO MEDIA FOR THE GROWTH OF 0. DANICA

KH2P04 3.00 g

MgS04 -7H20 10 .0 0 g

MgC03 4.00 g

E th y len e d in itr i lo  
te tra a c e t ic  acid 2 .0 0 g

CaC03 0.50 g

L-Glutamic acid 30.00 g

Thiamine mononitrate 0.01 g

Dextrose 100 .00 g

L -H is t id in e -  HC1 4.35 g

L-Arginine - HC1 4.03 g

Biotin 0.1 mg

Metals mix* 0 .1 0 g

KC1 2.70 g

pH 4.5

deionized water to 10 I

*Metals mix: Contains the following sa lts :  Fe(NH4

19.9992 g; ZnS04 . 7 H20 , 9.9991 g; MnS04 . HgO, 5.0001 g; 

CuS04 . 5 H20, 0.7988 g; CoS04 . 7 H20 , 1.0010 g; H3BO3 , 

1.0002 g; (NH4 ) 6 Mo7024 .4H20, 0.4978 g; Na3V04 . 16 H20,

0.1006 g.
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Scheme I

FLAGELLAR MEMBRANE ISOLATION PROCEDURE

Cells (washed with media) 

Vortex a t 4°
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Cells

Fractionation by 
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13,300 x £ ,  20 min
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Discard

Dissolution of 
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(TEM)
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(high y ie ld )
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medium by centrifugation fo r  10 min a t  208 x £  a t  4° fo r  a to ta l

o f three times. The remaining super­

natant 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 . The p e l le t  obtained was milky . 

white and appeared to be pure f la g e l la  under phase contrast 

and electron microscopy.

Fractionation of F lagella

Flagellar p e lle ts  were resuspended in 50 -  100 volumes of
I

TMM', s t ir re d  overnight and mixed a t top speed in a vortex mixer
O

fo r  30 min to detach the membrane from the axonemes matrix and 

mastigonemes. This is due to exposure of the f la g e l la r  to pH 7 (50).

Dissolution o f the Axonemes

This method was used a lte rn a t iv e ly  to obtain a membrane 

preparation. I t  took advantage of the s ta b i l i t y  o f the membrane 

in 1 mM EDTA which dissolved the axonemes.

FIagella" p e lle ts  were resuspended in 50 - 100 volumes TEM̂

H he abbreviations used are: TMM, 10 rnM T ris -H C l, pH 7 .5 ,

4 rnM MgC^i 1 mM e-mercaptoethanol; TEM, 10 mM T ris -H C l, pH 7 .5 ,

1 mM EDTA (ethylenediamine te t ra a c e ta te ) ,  1 mM 3-mercaptoethanol,

2
Axoneme is defined here as a bundle of microtubules, arranged in 

9 + 2  pattern , embedded in a matrix.



and s t i r re d  fo r  15 minutes. A suspension of f la g e l la  becomes 

less turbid over the 15-min period as the axoneme goes into  

the solution.

F la g e l la r  Membrane Iso la t io n

Whether the f la g e l la  were fractionated  at pH 7.5 (TMM^) 

or suspended in EDTA (TEM^) the preparation was then centrifuged  

a t 17,300 x £  fo r  20 minutes a t 4°. The supernatant was decanted 

and recentrifuged a t 17,300 x g fo r  20 minutes a t  4 ° .  The 

p e lle ts  were discarded (axonemes) and the supernatant was again 

centrifuged a t 22,000 x £  fo r 1 hour. The resu lt ing  p e l le t  

contained the bulk of the mastigonemes. A centrifugation  force  

of 113,700 x £  was found to convert some membrane sheets and large  

vesicles in to  small vesicles (approximately 100 nm in diameter). 

This conversion apparently a l l  owed the membrane to sediment at  

a speed d i f fe re n t  from th a t of the mastigonemes. Supt. 1 

(Scheme I )  was therefore centrifuged a t 113,700 x £  fo r  75 min 

in a Beckman U1tracentrifuge Model L 2-65 B (60 Ti ro to r ) .  The 

p re c ip ita te  (Scheme I ,  Ppt. 1) was a mixture of mastigonemes and 

membrane vesic les . This p e l le t  was then resuspended in the 

appropriate buffer and centrifuged a t 28,400 x £  fo r  45 min to 

p re c ip ita te  the mastigonemes (Scheme I ,  Ppt. 2) which also 

contained some membrane contamination. The supernatant (Scheme I ,  

Supt. 2) was centrifuged a t 113,700 x £  fo r  75 minutes. The



p re c ip ita te  (Scheme I ,  Ppt. 3) was judged to be pure membrane 

using electron microscopy as a c r i te r io n  of f la g e l la r  membrane 

pu rity  (50 ).

Treatment With Divalent Metals and EDTA

Studies were conducted to determine the s t a b i l i t y  and 

electron micrographic properties of the membrane preparation in 

the presence (and absence) o f a var ie ty  of d iva len t cations as 

well as i t s  tolerance to EDTA. Seven d i f fe re n t  metal ions and 

EDTA concentrations were studied. Membrane preparations 

(Scheme I ,  Ppt. 1) were resuspended in the following solutions:

TMM-, 10 mM Tris -H C l, pH 7 .5 ,  containing 4 mM CaC^,

1 mM 3-mercaptoethanol; 10 mM Tr is -H C l,  pH 7 .5 ,  

containing 10 mM CaCl^,1 mM 3-mercaptoethanol; 4 mM 

manganese acetate , pH 6 .0 ;  10 mM T ris -H C l, pH 7 .5 ,  

containing 0.0045 mM EDTA, 1 mM 3-mercaptoethanol;

10 mM Tris -H C l, pH 7 .5 ,  containing 0.45 mM EDTA, 1 mM 

3-mercaptoethanol; 10 mM Tris-HCl, pH 7 .5 ,  containing  

1 mM 3-mercaptoethanol.

Each membrane preparation was l e f t  overnight a t 4°C, The 

suspensions were then centrifuged a t 113,700 x £  fo r  75 minutes, 

washed in the respective buffers and fixed fo r  2 hours with 2% 

glutaraldehyde (w/v) in 0 .2  M cacodylate b u ffe r ,  pH 7 .0 ,a t  4° 

fo r  e lectron microscopy.
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Trea tm ent W ith  P o ly c a t io n ic  F e r r i t i n  (PCF)

PCF (Miles Laboratories, In c . ,  E lkhart,  In d .)  was d ilu ted  to 

0.50 mg/ml with 0.1 M Na phosphate b u ffe r ,  pH 7 .3 . Whole c e l ls ,  

iso lated f la g e l la  and membrane vesicles were washed in phosphate 

buffer and then incubated a t 25°C fo r  30 min in PCF. A fter  the 

incubation, the samples were washed in phosphate buffer and 

f ixed  in 2% glutaraldehyde in 0.1 M Na phosphate buffers pH 7.3

Binding with polycationic f e r r i t i n  was also carried out 

on prefixed whole c e l ls .  The ce lls  were f i r s t  fixed  in 2% 

glutaraldehyde in 0.1 M Na phosphate buffer, pH 7 . 3 , for 30 min 

at 4° .  Ammonium chloride was then added to a f in a l  concentration  

of 0.1 M (to block any unreacted aldehyde groups on the c e l l -  

bound glutaraldehyde). The c e lls  were washed by centrifuging  

and resuspending. Binding with PCF was then carried out a t 25° 

fo r  30 min and the sample was washed with Na phosphate bu ffer ,  

pH 7 .3 , fo r  e lectron microscopy.

Freeze-Fracture Studies

Membrane vesicles iso la ted  by both the pH 7 frac tionatio n  

procedure and by the EDTA iso la t io n  procedure were fixed fo r  2 

hours in a 1" glutaraldehyde solution and bathed in 20% glycerol 

fo r  5 hours. Small pieces of the glycerinated tissue rap id ly  

frozen in l iq u id  Freon 22 and l iq u id  nitrogen were fractured and 

rep licated  at -115°C (pressure, 5 x 10“® Torr) on a Balzer's  BAF



300 freeze-etch device equipped with a platinum-carbon electron  

beam gun and quartz th in - f i lm  monitor (Balzer's  High Vacuum Corp., 

Santa Ana, C a l i f . ) .  Platinum-carbon shadowing (2-nm th ick  f i lm ,  

45° shadow angle) of the cleaved tissue was performed w ithin 2 

sec of the la s t  kn ife  cut and was immediately followed by the 

deposition of a 20-nm th ick  carbon coat on the re p lic a .  The

replicas were cleaned with Clorox bleach, repeatedly rinsed

with d is t i l l e d  water, and picked up on Formvas-coated 200-mesh 

grids. The micrographs are printed as positive  images and the 

shadowing d irec tion  is indicated by an arrow in the lower l e f t  

corner.

Electron Microscopy

A ll preparations fixed  with 2% glutaraldehyde (w/v) in 0.2  M 

cacodylate b u ffe r ,  pH 7 .0 ,  a t 4° or 2% glutaraldehyde (w/v) 

in 0.1 M Na phosphate b u ffe r ,  pH 7 .3 ,  were post-f ixed fo r  2

hours in 1.0% (w/v) Osfy prepared in 0.2  M cacodylate b u ffe r ,

pH 7 .0 ,  a t 4°. The p e lle ts  were sequentia lly  dehydrated with 

50, 75, 95, and 100% (v /v )  ethanol, cleared in propylene oxide 

and in f i l t r a t e d  overnight with a mixture o f EPON 812 and propylene 

oxide 1:1 (v /v )  and embedded in Epon resin . S i lv e r  sections were 

cut on a Dupont-Sorvall MT-2 ultramicrotome (Du Pont Instruments, 

Sorvall Operations, Wilmington, DE). The sections were supported 

on carbon-reinforced collodion covered grids and post-stained  

with uranyl acetate and lead c i t r a t e  (69).



A ll th in  sections and freeze-cleave replicas were examined 

on a Philips  300 electron microscope at 80 kV or on a Hitachi 

HU-12 electron microscope a t  75 kV. Photographs were taken 

on Kodak Contrast Lantern S lide Plates (Eastern Kodak Co., 

Rochester, N. Y . ).

Negative Staining (Electron Microscopy)

The f la g e l la  preparation, resuspended in TEM was d ilu ted  

with an equal volume of 2% (w/v) solution of ammonium molybdate. 

Five ,il o f the mixture was placed on a carbon-reinforced collodion  

covered grid fo r  1 min and excess solution was drained o f f  by 

f i l t e r  paper. A fter drying, the grid  was examined with a Philips  

300 electron microscope.

Iso la tion  of Chlorosulfo lip ids (Scheme I I )

Cells grown in high-chloro (0.197 M) media (Table 1) were 

extracted with 20 volumes chloroform-methanol ( 2:1  v /v ) by the 

method of Folch et a l . (70) and centrifuged. The extracts were 

decanted and partit ioned  against 0 .2  volumes of deionized water. 

The lower phase contained most of the l ip id  material of the c e l ls .  

The s u lfo l ip id s  were in the upper phase of the partioned Folch 

ex trac t.  The contents of the upper phase were taken to dryness 

in vacuo. The su lfa te  esters of the crude s u lfo l ip id s  in the 

residue were then cleaved by hydrolysis.
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Scheme I I  

ISOLATION OF CHLORO DIOLS

Centrifuged c e lls  

" 20 vo l. CHC13 :CH30H 2:1 (v /v )

Combine three extractions  

Add 0.2 vo l. deionized HgO 

Allow to separate

1 Wash 2x with 1.5 vol. lower phase 
solvent

i Remove solvent in vacuo

(Hydro!ize in 25 ml 1 N HC1 to 
obtain d io ls )

Extract with 0 .6  vol. Ether (3x)

CHC1, phase (Lower Phase 
1:5 Folch)

H2O-CH.JOH phase (Upper Phase Folch)

Ether

Chlorodiol



Preparation of Chlorodiol Mixture

The chlorosulfatides were dissolved in 25 ml o f  1 N hydro­

ch lo r ic -ac id  and the mixture was refluxed fo r  2 hours. The 

solution was cooled and made basic with 6 N potassium hydroxide.

The basic reaction mixture was extracted with an equal volume of  

diethyl ether. The diethyl ether solution was backwashed with 

water u n t i l  n eu tra l,  dried over anhydrous magnesium s u lfa te ,  and 

evaporated in vacuo. The y ie ld  was 3.3 mg of chlorodiols.

Thin-Layer Chromatography of Chlorodiols

Analytica l S i l ic a  Gel 60 Plates (Brinkmann Instrucments, In c . ) ,  

20 cm x 20 cm, were activated a t 60° fo r  1 hour, cooled in a 

dessicator and developed in the f i r s t  d irec tion  with ether: 

hexane (3 :7 ,  v /v ) .  Chromatograms were dried fo r  about 10 min 

a t 60°, cooled in a dessicator and then developed in a second 

dimension with benzene: chloroform: methanol (50 :40:1 , v /v /v ) .

The plates were sprayed with 3% (v /v )  H9S0^--25% (w/v) NaHSO  ̂

and charred to v is u a lize  the l ip id s .

Preparation of P ertr im e th y ls i ly l  Derivatives of Diols

Trim ethyls ily lim idazo le  in s i ly la t io n -g rad e  pyrid ine (Pierce  

Chemical Company) was added to dried diols and the solution heated 

in a sealed tube a t 67° fo r  15 min before in jec tio n  into  the gas 

chromatograph.
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Gas-Liquid Chromatography

Samples were analyzed on an 8 foot stainless steel 

column of 3% OV -  1 on Chromasorb WHP, 80/100 mesh. The gas- 

l iq u id  chromatograph was a Perkin Elmer 881 with a flame ion iza ­

tion  detector. The helium c a r r ie r  gas had a flow rate o f 60 

ml/min. The in je c to r  and detector were a t leas t t h i r t y  

degrees higher than the column.

Tr im eth y ls i ly l  derivatives of d iols  were analyzed a t  250° 

fo r  4 min followed by a l in e a r  program of 6 ° /  min to 320°.

Elemental Analysis

The elemental analyses were carried out by Schwarzkopf 

Microanalytical Laboratories (Woodside, N. Y .) using the following  

procedures:

Carbon, hydrogen: combustion a t  900 -  1000° under oxygen

followed by gravimetric end analysis; Nitrogen: Kjeldahl with

co lorim etric  end analysis; SC^: p rec ip ita t io n  as BaSO^; Oxygen:

modified Unterzaucher oxygen followed by gravimetric end analysis;  

Mn, Mg, Ca: atomic absorption spectroscopy; Total metal; com­

bustion a t 900 -  1000° followed by gravimetric end analysis.

Amino Acid Analysis

Hydrolysis of membrane proteins was carried out in heavy walled



tubes which had been washed with a mixture o f I^SO^/HNOg ( 3 /1 ) ,  

rinsed in deionized 1̂ 0 , and oven dried .

Membrane (6 .5  mg, containing 1.6 mg protein) was hydrolyzed 

in vacuo a t 110° fo r  22 hours. The hydrolyzate was dried in a 

dessicator over NaOH a t room temperature to constant weight.

Analyses were performed by Walter Scheppel (Department of 

Biochemistry, Columbia U n ivers ity ) on a Beckman Model 118 Amino 

Acid Analyzer. All reagents, buffers and resins used in the amino 

acid analyses were obtained from Beckman Instrument Co.

The Azure A Colorimetric Assay fo r  S u lfo l ip id

The procedure of Kean (71) was used. Samples were pipetted  

in to  screw cap te s t  tubes and evaporated to less than 0.1  ml 

volume. To each tube was added 5.0  ml o f  chloroform: methanol,

1: 1 ( v /v ) ,  5 .0  ml of 0.05 N H^SO  ̂ and 1.0 ml o f Azure A solution  

(40 mg in 5 .0  ml o f  0.05 N I^SO^ d ilu ted  to 100 ml with w ater). The 

tubes were capped, shaken fo r  30 sec (Vortex) and centrifuged  

(300 x £  fo r  5 min). The absorbance (Carl Zeiss M4QIII) a t  645 nm 

of the lower phase is a molar measurement using SOS as a standard.

I t  should be noted tha t the measurements o f 0. danica s u lfo l ip id s  

(with two su lfates  on the molecule) must be halved to obtain molar 

qua n tit ies .

Protein Assay

The concentration of protein was determined by the method of



Lowry e t  a l . (7 2 ) ,  using l ip id -ex tra c te d  bovine serum albumin 

(Sigma Chemical Company) as a standard.



RESULTS

Iso la tion  o f F la g e l la r  Membrane

Previous iso la t io n  of the flagellarmembrane of 0. danica 

was achieved by sucrose density gradients which were cumbersome (50).

The present procedure u t i l iz e d  only d i f fe r e n t ia l  centrifugation

and the q u a l ity  and quantity o f the membrane preparation was improved. The

y ie ld  of membrane is 50% by the present method. This was assessed

by analysis o f the s u l fo l ip id  in whole f la g e l la  and in the

iso lated preparations.

A second method fo r  membrane iso la t io n  was derived in the 

present work, although analyses indicated tha t th is  method d iffe red  

from the o r ig in a l method by an absence of inorganic material in 

the preparation ( i . e . ,  no ash on combustion). This new method 

consisted of dissolving the f la g e l la r  axoneme in EDTA (TEM) and 

separating the membrane from the mastigonemes by d i f fe r e n t ia l  

centr ifugation  (Scheme I ) .  The y ie ld  of membrane is be tte r  than 

90% with th is  procedure.

A negatively  stained electron micrograph of a suspension of 

f la g e l la  in the EDTA buffer (TEM) is shown in Figure 3. The sus­

pension was revealed to contain tubular and fibrous mastigonemes, 

membrane vesicles and dissociated microtubules ( i . e . ,  tubulin  protein)
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Fig. 3. Electron micrograph of negatively stained (with ammonium

molybdate) f la g e l la  preparation iso la t io n  in bu ffer con­

ta in ing  1 mM EDTA. A fter  d issociation of axonemes, membranes

and mastigonemes are released along with tubulin  prote in ,  

x 75,000.
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o f the f la g e l la .  The electron micrograph also revealed the presence 

o f  occasional undissociated microtubules although the presence of 

these were quite  interspersed. The rods id e n t i f ie d  as tubular  

mastigonemes are 20 nm in diameter in agreement with Bouck (60 ).

Appearance of F la g e l la r  Membrane

The isolated f l a g e l la r  membrane appeared to be pure, showed a 

t r i la m e l la r  structure  and consisted mostly o f  small vesicles  

(approximately 50 to 150 nm in diameter) as shown in Figure 4.

The membrane thickness is about 8 nm.

S ta b i l i t y  of the Membrane

The study on the s t a b i l i t y  o f the membrane with regard to 

d iva len t cations consisted of a treatment of p u r if ie d  membrane 

with magnesium ion (4 mM, the concentration normally used fo r  

isolation), manganese acetate (4 mM), calcium chloride (4 mM, 10 inM),

EDTA (0.0045 inM, 0.45 mM), and no metal ion a t a l l .  All o f these 

treatments were a t pH 7.5 and in the presence of 10 mM Tris  and 

1 mM B-mercaptoethanol (except manganese acetate which was at  

pH 6 .0 - - th is  being one of the conditions used to iso la te  the membrane for  

elemental ana lys is ).  Each of the preparations were examined a f te r  

treatment fo r  16 hours and numerous electron micrographs were taken.

The number of membrane vesicles and the number of membrane sheets 

were counted and proportioned. Secondly, the length of the membrane

-5 0 -



in each conformation was estimated. These two approaches gave 

id en tica l results  with + 4% erro r .

The membrane preparation obtained following the normal pro­

cedure is shown in Figure 4. This preparation consisted mostly of

small vesicles and showed almost no membrane sheets.
2+Membrane preparations exposed to 4 mM Ca consisted of

s l ig h t ly  less than h a lf  vesicles (50 to 150 nm in diameter). The

remainder o f the membrane was short membrane fragments, approximately

150 nm in length (Table 2 ) .  Both sheets and vesicles showed a

t r i la m e l la r  structure  with a membrane thickness of about 8 nm.

The membrane sheets appeared to be popped vesicles as shown by the

absence of sheets longer than the circumferance of vesicles. Mem-

2+brane vesicles exposed to higher concentrations of Ca (10 mM) 

were indistinguishable  from the contro l. The preparation consisted 

mostly o f  small vesicles. No membrane sheets were observed in 

th is  sample.
2+

A fte r  sample exposure to Mn (4mM), the vesicu lar structure  

of the membrane was maintained (Table 2). These vesicles resembled 

those iso la ted  in the standard TMM buffer .

The 0.0045 mM EDTA preparation had predominantly vesicles  

la rger than 100 nm. About h a l f  o f the membrane in the sample was 

ves icu lar.  The remainder appeared to be popped vesicles which 

makes the preparation v i r t u a l ly  identical to the 4 mM calcium 

preparation. Both sheets and vesicles show a t r i la m e l la r  structure  

with a membrane thickness of about 8 nm. An increase in the EDTA



Fig. 4. Electron micrograph of f la g e l la r  membrane iso lated in TMM 

a f te r  centr ifugation  a t 113,700 x £. x 80,000.

Fig. 5. Electron micrograph of f la g e l la r  membrane iso lated in 

buffer containing no metal cations, x 160,000.
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Table 2

EFFECT OF METALS ON THE FLAGELLAR MEMBRANE PREPARATION

% Membrane Form in % Membrane Form in
Terms of Membrane Number Terms o f Membrane Length

PEST SOLUTION Vesicles Sheets Vesicles Sheets

TMM, pH 7.5

4 mM CaCl2 in 10 mM T r is ,  1 mM 
B-mercaptoethanol, pH 7 .5

10 mM CaClo in 10 mM T r is ,  1 mM 
B-mercaptoethanol, pH 7.5

4 mM Mn-acetate, pH 6.0

0.0045 mM EDTA in 10 mM T r is ,  1 mM 
6-mercaptoethanol, pH 7.5

0.45 mM EDTA in 10 mM T r is ,  1 mM 
6-mercaptoethanol, pH 7 .5

10 mM T r is ,  1 mM g-mercaptoethanol, 
pH 7.5

^98

45

^98

^95

49

32

16

^2

55

^2

^5

51

68

84

"■'99

44

^99

^95

52

32

20

VI

55

-vl

^5

48

68

80



concentration yie lded 68% sheets (Table 2 ) .  The preparation  

consistedof small vesicles (approximately 70 nm in diameter) 

and both long and short sheets range from approximately 0.08 to  

0.88  pm in length.

The elim ination of a d ivalent metal ion in the TMM buffer  

solution caused the formation of almost e n t ire ly  membrane sheets 

(Table 2 ) .  The preparation consisted of membrane segments approxi­

mately 0.09 pm to 1.0  pm in length (Fig. 5 ) .  However, the normal 

membrane s tructura l charac te r is tics  were maintained in th is  metal 

ion free  b u ffer .

D is tr ibu tion  of Anionic Sites on the Plasma and F la g e l la r  Membrane

I .  Anionic Sites on the Outer Cell Surface and on 

E xtra c e llu la r  Membrane Vesicles

Ochromonas danica has an unusually f le x ib le  ce ll  surface 

capable o f producing projections of varying sizes and shapes 

(F ig . 6 ) .  These vesicles have been found in the c e l l - f r e e  growth 

media (76, 77) and are observed here. Small projections appear 

to be associated with spherical structures at the surface. Other 

surface membrane structures were more pointed and did not seem to 

be associated with spherical surface structures.

When 0. danica ce l ls  were exposed to PCF (0 .50 mg/ml) before 

glutaraldehyde f ix a t io n ,  PCF was located over most of the cell  

plasma membranes, although the p a rt ic le s  were l ig h t ly  scattered
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Fig. 6. Ochromonas danica iso lated in NaP  ̂ b u ffe r ,  pH 7 .3 .  The arrow 

points to membranous structures secreted e x t ra c e l lu la r ly .  x 

25,000.
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(F ig . 7 ) .  The binding pattern on the secreted e x tra c e llu la r  

membrane vesicles was quite  d is t in c t  (F ig . 7 ) .  On these membrane 

vesic les , PCF was randomly d is tr ibu ted  with clumps of f e r r i t i n  

on the surface. The density of labeling was much higher on the 

secreted vesicles than on the ce ll  surface. PCF covering the ce ll  

surface was usually one layer th ick  and a t  times seemed to pene­

t ra te  the b i lay e r  ( i . e . ,  the f e r r i t i n  tended to obscure the u ltra - ,  

structura l d e ta i ls  of the membrane).

S im ila r  resu lts  were observed with c e l ls  which had been 

pre-fixed  with 2% glutaraldehyde (Fig. 8) followed by exposure to PCF (0.50  

mg/ml). Whereas a single layer o f PCF was bound to some of the 

ce ll  surfaces, clumps of PCF were observed bound to secreted ce ll  

vesicles (F ig . 8 ) .  Figure 8 shows the density of labe ling  was 

enhanced on the small projections of the c e l l  surface associated 

with spherical membrane structures exvaginating from the surface.

I I .  Anionic Sites on the F lagella

In th is  experiment f la g e l la  were suspended in pH 7.3  bu ffer .

The membrane was therefore  detached from the axonemes in some of 

the f la g e l la .  A control fo r  th is  experiment is shown in Figure 9.

When the f la g e l la  were exposed to PCF (0 .50 mg/ml), PCF was 

l ig h t ly  scattered over most o f the attached f la g e l la r  membrane 

(F ig . 10). As usual, on secreted membrane ves ic les , the density of 

PCF binding was much greater. In te re s t in g ly ,  the PCF seems to 

concentrate a t the microtubules, especially  the outer nine. This



Fig. 7. A view of Ochromonas danica c e l l  a f te r  exposure to

0.50 mg/ml PCF fo r  30 min. A l ig h t  coating of PCF is seen 

on the c e l l  surface. In contrast secreted membranous 

vesicles (arrow) show PCF binding to surface (see 

also Fig. 8 ) .  x 25,000.
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Fig. 8. A view of Ochromonas danica ce ll  surface a f te r  f ix a t io n

followed by exposure to 0.50 mg/ml PCF fo r  30 min. x 30,000



Fig. 9. Electron micrograph of iso lated f la g e l la .  I t  shows the 

r ippled f la g e l la r  membrane, x 78,000.

Fig. 10. Iso lated f la g e l la  a f te r  exposure to 0.50 mg/ml PCF fo r  30 

min. PCF concentrates a t the microtubules, x 60,000.
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is  consistent with the observations of Danon e t a l . (67) and 

Anderson and Hein (79) who observed the e f fe c t  on f la g e l la r  

microtubules when PCF was exposed to whole c e l ls .

I I I .  Anionic Sites o f  Iso lated F la g e l la r  Membrane

Iso lated f la g e l la r  membrane (Fig. 4) shows a t r i la m e l la r  

structure with a membrane thickness of about 8 nm. When these 

membrane vesicles were exposed to PCF (0.50 mg/ml), they showed 

more binding of PCF than was found on the f la g e l la  (F ig. 11).

The binding pattern consisted of regions of high density s im ila r  

to tha t of the e x t ra c e l lu la r  membrane vesicles (Fig. 11). There 

appeared to be regions of low density binding (as in f la g e l la )  

and regions of high density binding (as in secreted 

membrane ves ic les ).  The PCF was also capable of binding vesicles  

together and clumps of these were observed.

Freeze-Cleavage Studies on the F la g e lla r  Membrane

I t  has now been f a i r l y  well established that natural membranes 

e x is t  as a bimolecular l e a f l e t .  This has been established fo r  the 

iso lated f l a g e l la r  membrane of 0 . danica regardless of the iso la t io n  

buffer (TMM or TEM) as shown in Fig. 12. The freeze frac ture

c le a r ly  shows the f l a g e l la r  membrane is capable of frac tu r ing  down 

a "cleavage plane." The frac ture  faces are r e la t iv e ly  smooth,



Fig. 11. Isolated f l a g e l la r  membrane a f te r  exposure to 0.50 mg/ml 

PCF fo r  30 min. The binding pattern is s im ila r  to that 

of the e x t ra c e l lu la r  membrane vesicles, x 75,000.
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Freeze cleavage showing the frac ture  plane of membrane 

vesicles iso lated in TMM. The surfaces are re la t iv e ly  

smooth with few p i ts ,  grooves, and p a r t ic le s  x 74,100. 

In sert:  Two.particles in the frac tu re  plane o f a

ves ic le . All the observed p art ic les  were approximately 

10 nm in diameter as shown, x 150,000.



free  o f p i ts ,  grooves and p a r t ic le s .  However, occasionally small 

clusters o f p a rt ic les  o f uniform diameter appear on the cleavage 

plane (Fig. 12, Inse t) .

D is tr ibu tion  o f Chlorosulfatides

The d is tr ib u t io n  o f the ch lorsu lfa tides  in 0. danica 

sh if ts  dram atically  with the concentration of chloride ion in 

the growth media. In order to quantita te  the s h i f t  that occurs in 

high-chloride media, the ch lo rosu lfo lip id  was isolated from 

ce lls  and hydrolyzed. Hydrolysis of the crude su lfa t id e  prepara­

tion  produces a mixture of d iols  which are easier to separate and 

quantita te . Q u a lita t ive  analysis of the d iols  on two-dimensional 

th in - la y e r  chromatography gave results  s im ila r  to the pattern  

obtained by Mooney e t a l . (85 ).  The pattern fo r  the hexachloro- 

dio ls  was p a r t ic u la r ly  pronounced a f te r  charring .indicating a 

s ig n if ic a n t  s h i f t  towards the hexachloro compound in the high

chloride medium. Mooney et aK_ analyzed c e lls  grown in the

normal chloro media (68 ).

In order to quantita te  th is  s h i f t ,  p e rtr im eth y ls i ly l  

derivatives  of the d io ls  were analyzed by gas-liqu id  chromatography 

and the molar ra t io  computed (Table 3 ) .  From th is  r a t io ,  the 

average number of chloro atoms in the iso lated chlorosulfo-  

l ip id s  from ce lls  grown in high-chloride media, was calculated  

to be 2 .5 .  The average molecular weight of the chlorosulfo lip ids  

was computed to be 595.8.



Table 3

MOLAR DISTRIBUTION OF DIOLS3

Diol Molar Ratio

A lip h a tic  diol 6.4

Monochloro dio l 6.3

Trich loro  diol 2.3

Tetrachloro diol 1.0

Pentachloro diol 2.3

Hexachloro diol 4.6

aThe number o f moles o f te trachloro diol is a r b i t r a r i l y  assigned a 

value of 1 .0 . Cells  were grown in "high-chloride media" (Table 1).
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Elemental Analysis o f F la g e l la r  Membrane

Elemental analyses were conducted on three d i f fe re n t  membrane 

preparations. Since the three preparations yielded essen tia l ly  

the same results  only the analysis on the th ird  sample is  shown 

in Table 4. This sample (unlike  the other two) was prepared in 

EDTA (TEM) buffer--hence the absence of metal ions in the membrane 

preparation. The f i r s t  and second preparations were each prepared 

in  4 mM manganous ion. Analyses were conducted as follows:

Metal ions were determined by atomic absorption; 

protein was estimated by to ta l  nitrogen (K je ldah l)  less 

the known amino sugar nitrogen (61) m ultip lied  by 6.38 

( th is  percent weight was confirmed by the method of  

Lowry e t  a ! . , (72) using l ip id  extracted bovine 

serum albumin as a standard (6 1 ) ) ;  s u l f o l ip id - -based 

on chloride analysis and calculated from glc analysis of 

the chlorodiols ( th is  method was confirmed by d ire c t  

s u l fo l ip id  analysis (49) and by d irec t  analysis of 

ester su lfa te  using p re c ip ita t io n  as BaSO^). The 

quantita tion  of s te ro ls ,  f a t t y  acids and unknown 

(uncharacterized) l ip id s  (49) is  based on the analysis of

l ip id s  in the membrane by Chen et a l . (49 ).  The

spec if ic  a c t iv i t ie s  of the three major components of 

the l ip id  extract had been determined d ire c t ly .  The spec if ic  

a c t iv i t ie s  of the f a t t y  acids, s te ro ls ,  and chlorosulfo lip ids  

had been based on average molecular weights of 276, 407
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Table 4 

ELEMENTAL ANALYSIS

Total u Moles in
% Weight 1 mg. Membr.

Protein^ 21.43 0.004

Lipids

I . Su lfo lip ids^ 5.64 0.095

I I . S tero ls3 0.60 0.014

I I I . Fatty  Acids^ 0.50 0.018

IV. Unknown Lipids^ 0.87 0.012

Sugar

I . Neutral Sugar^ 1.00 0.056

I I . Amino Sugar^ 0.30 0.017

Medi a 21.42

Unknown 47.66

Metals 0.00

Found 100

 C_

9.93

2.50

0.51

0.38

0.58

0.44

0.12

8.79

29.30

52.55

H 0 N Cl"

1.57 6.59 3.34

0.37 1.25 1.82 0.84

0.07 0.02

0.06 0.06

0.09 0.19

0.07 0.49

0.02 0.13 0.02

3.04 8.99 0.96

2.42 16.19

7.71 32.76 4.32 1.82 0.84



Table 4 (continued)

^Protein calculated via to ta l  nitrogen minus media and amino sugar nitrogen m u lt ip l ied  by a fac to r  of 

6.38; 55,000 was used as an average molecular weight based on the resu lts  o f Chen and Haines (50 ).

^Su lfo lip ids  based on 2.5 chloro groups average per s u l fo l ip id  molecule with an average molecular weight 
of 595.8.

% .6  molar % s tero ls  in membrane with an average molecular weight o f 407.

4
12.3 molar % f a t t y  acids in membrane with an average molecular weight o f 276.

5 '
7.8 molar % unknown l ip id  in membrane with an average molecular weight of 728 (based on diglycosyl 

d ig lyc e r id e ) .

^Estimated by GLC (61).

^Determined by amino acid analysis (61 ).



and 457 (d io ls ) ,  respective ly . Unknown l ip id s  were 

averaged as having two stearate chains. Using this  

approach, the molar per cent c h lo ro s u lfo l ip id , s te ro ls ,  

f a t t y  acids, and unknown l ip id s  in the membrane was 

found to be 71, 9 .6 ,  12.3 and 7 .8 ,  respective ly .

Using these values, the % weight and y moles of the 

s te ro ls ,  f a t ty  acids and unknown l ip id s  in a milligram  

of membrane was calculated (Table 4 ) .

The amount o f neutral sugars had been estimated on 

a gas l iq u id  chromatogram which had been calibrated  

with hexatr im ethy ls ily l in o s ito l .  Amino sugar was 

determined on an amino acid analyzer (Table 4 ) .

The media component (Table 4) refers  to trapped 

material from the surrounding media during the forma­

tion  of the vesicles . A fte r  iso la t in g  the membrane as 

a p e l le t ,  the excess buffer was removed and the p e l le t  

dried in vacuo. The d ifference between the wet weight 

and the dry weight was taken as a means of determining 

the amount of surrounding media present. Trapped 

material had been determined to be a t least 14% glucose 

(49) and based on the composition of the cu lture  media, 

the remaining trapped components were quantitated.

Elemental quantita tion  of each membrane component 

was based on standard compounds.
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Those an a ly t ica l resu lts  which could not be accounted 

fo r  were computed and l is te d  as unknown. The oxygen 

component of the sample was d ire c t ly  analyzed.

Amino Acid Analysis

The amino acid composition of the membrane was determined as 

is shown in Table 5. I t  should be noted tha t cysteine and tryp to ­

phan were not assayed. A d d it io n a lly ,  asparagine and glutamine 

are shown as aspartic  acid and glutamic acid in the tab le . The 

quantita tion  of an amino acid was determined by comparing with  

a known quantity  o f tha t same amino acid.



Table 5

AMINO ACID COMPOSITION OF THE MEMBRANE

COMPONENT RESIDUES

Lysine 5.2

H is tid ine 1 .8

Arginine 4.3

Aspartic Acid 10.5

Threonine 7.0

Serine 9.6

Glutamic Acid 10.5

Proline 4.9

Glycine 11.9

Alanine 9.2

Valine 5.1

Methionine 1.0

Isoleucine 4.0

Leucine 10.0

Tyrosine 3.7

Phenylalanine 4.1

Ammonia 11.3
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DISCUSSION

Iso la t io n  of F lagella  Components

Two simple and mild iso la t io n  procedures have been developed 

in which a pure f la g e l la  membrane preparation in high 

y ie ld s ,  may be obtained. 0 . danica is d e flag e lla ted  by means of 

a vortex mixer a t  4°. This is the mildest d e f lag e lla t io n  method 

yet described. Chlam.ydomonas f la g e l la r  membrane had previously  

been iso lated a f te r  addition of a nonionic detergent such as 

Triton  X-100, Nonidet P-40 or Sarkosyl (73 ) .  The use of detergent 

to is o la te  the membrane may well have affected the q u a lity  of 

the membrane preparation. In the iso la t io n  procedure herein 

described, the membrane was obtained without the introduction of 

any detergents. The f i r s t  method is based on suspension o f the 

f la g e l la  in a buffer at pH 7 .5 .  0. danica is normally cultured

a t pH 4 .5 .  The organism does not grow above pH 6. Previously 

i t  was shown th a t  resuspension of the f la g e l la  in Tris  buffer a t  

pH 7.5 would dislodge some of the membrane from the axoneme. This 

observation was used with vortexing to maximize the release of 

membrane from the axoneme. The released membrane was then isolated  

by d i f fe r e n t ia l  cen tr ifugation .

A second method fo r  the iso la t io n  of membrane from the 

axonemes took advantage of our own observation that 1 mM EDTA at
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pH 7.5 (TEM) would s o lu b il ize  the axonemes of the f la g e l la  but 

not the membrane. I t  has previously been shown with Tetrahymena 

pyrifo rm is , th a t a f te r  removal o f  the membrane which surrounds 

the c i l i a  by selective  s o lu b il iza t io n  with d ig ito n in ,  a surface- 

active  glycoside, the remaining axonemes of the c i l i a  were soluble  

in s a l t  solutions a t  neutral pH (74, 75). For example, a suspen­

sion of d ig iton in -extracted  c i l i a  in 0.5  M KC1 became gradually  

less turbid over a period of several hours as the protein went 

in to  solution. Suspension of the demembranated c i l i a  in  0.6 M 

KI likewise brought almost a l l  the protein into  so lu tion , but in 

th is  case the action appeared instantaneous. A useful frac tio n a ­

tion  o f the s tructura l protein was obtained by tre a tin g  the c i l i a  

with a chelating agent at very low ionic strength. Suspension of  

dig iton in -ex trac ted  c i l i a  in 1 mM Tris -H C l, pH 8 .3 ,  0.1 mM EDTA 

buffer brought almost a l l  o f the ATPase a c t iv i ty  (associated with the

dynein arms of the axonemes) into solution but only about 30 per 

cent o f the prote in . Examination of the insoluble residue in the 

electron microscope showed that i t  consisted of the outer f ibers  

alone; the other structura l components, including the arms on the 

outer f ibers  (Fig. 2) have been almost completely removed.

These various techniques were examined on the f la g e l la  of 

0. danica without the use o f d ig iton in  since the increase in pH 

should have been s u f f ic ie n t  to release a s ig n if ic a n t  amount of 

membrane in order to expose the axonemes to the various so lu b il iz in g  

solutions. However, none of the methods described by Gibbons (74,

75) seemed to cause a s ig n if ic a n t  change in the tu rb id i ty  of the
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f la g e l la  suspension.

A fte r  a number o f  t r i a l s ,  TEM was found to s o lu b il ize  the 

axonemes almost e n t ire ly  without d ig iton in  treatment (F ig . 3 ) .

The membrane appeared to vesiculize with an average diameter 

o f about 50 to 100 nm and was not associated with any o f the 

axonemes.

I t  seemed of in te re s t  to see whether reconstitu tion  o f the 

f in e  structure could be obtained by restoring magnesium to the 

preparation. Various concentrations of magnesium and calcium were 

used but no s ig n if ic a n t  reconstitu tion  was observed in these 

experiments.

S e n s it iv ity  o f the Membrane Preparation to Various Divalent Cations and EDTA

These studies were undertaken to study EDTA tolerance and 

metal ion exchange with the natural m ateria l.  I f ,  indeed, the 

secondary su lfa te  groups of the s u l fo l ip id  molecule are held in 

the hydrophobic b i laye r  by ion pa iring  to magnesium or calcium, 

then EDTA would be expected to "dissolve" the membrane by chelating  

the d iva len t cation.

In each of the studies conducted, the preparation showed 

normal t r i la m e l la r  s tructure in transmission electron microscopy.

In each case there were "normal" vesicles of membranes, generally  

with diameters of 50-100 nm.

The 0.0045 mM EDTA preparation had vesicles predominantly 

la rger  than 100 nm. About h a l f  o f the membrane in the sample was 

vesicu lar. The remainder appeared to be popped vesicles. An
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increase in the EDTA concentration to 0.45 mM yielded 68% sheets 

(popped ves ic le s ).  The absence of both metal and EDTA, however, 

gave results  of 82% sheets. With regard to the d iva len t cations,  

there was no d is t in c t io n  between 4mM magnesium, 4mM manganese and 

10 mM calcium. The l a t t e r  metal had a d i f fe re n t  e f fe c t  a t  4mM. 

Calcium a t 10 mM generally fuses vesicles o f phospholipid b ilayers  

espec ia lly  when the l ip id s  are anionic.

That the membrane maintained i t s  basic structure in the 

presence of EDTA and 10 mM calcium are important points. They 

imply a remarkable in s e n s it iv i ty  to d iva len t cations and suggest 

th a t they are not involved in maintaining the in te g r i ty  o f the 

b ilaye rs . The greater s t a b i l i t y  of the membrane in EDTA as com­

pared to Tris/mercaptoethanol alone may be ascribed to the greater  

ionic strength of the EDTA solution. These observations suggest 

th a t there are no d ivalent cations in the b i laye r  which has been 

confirmed by the elemental analysis discussed in a subsequent 

section.

D is tr ib u tio n  of Anionic Sites on the Plasma and F la g e lla r  Membrane

The d is tr ib u t io n  of negative s ites  on the ce ll  surface has 

been studied with the use of co llo id a l iron as the visual marker 

(80—82). However, Danon e t a l . (67) introduced the 

use of polycationic f e r r i t i n  (PCF) fo r  lo c a l iz in g  anionic s ites .  

This electron-dense probe is now preferred because i t  is possible 

to t re a t  l iv e  c e lls  a t physiological pH, thus avoiding the in t ro ­

duction of f ix a t io n .
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In th is  study, the d is tr ib u t io n  o f anionic s ites  on the 

surface of the plasma and f la g e l la r  membrane was examined with  

the use of PCF. PCF binding may be correlated to chlorosulfa tide  

a c c e s s ib i l i ty  to the ligand since the f la g e l la  and f la g e l la r  

membrane are devoid of s ia l ic  acid residues (61 ).

The data suggest that the chlorosulfatides are p a r t ia l ly  

buried under p e r ife ra l  prote ins, glycoproteins, polysaccharides 

or a d i f fe re n t  polymeric coat on the ce ll  surface causing low 

density of PCF binding. However, modification of th is  surface 

causes a breakdown o f the polymeric coating and provides the PCF 

with access to the anionic membrane. Accordingly, the membrane 

surface becomes heavily labeled Vesicles secreted by the cell  

appear to have released th e ir  coating and show a high density of 

PCF binding. The process may be observed in Fig. 7 where a small 

projection of the c e l l  surface exhibited higher PCF binding than 

the res t of the surface. Presumably th is  projection has broken 

through the c e ll  surface coat and w i l l  pinch o f f  to become an 

e x tra c e l lu la r  ves ic le . These observations are consistent with  

PCF binding to the iso lated f la g e l la r  membrane. Iso lated vesicles  

show high density ligand binding although some e x h ib it  no PCF in te r ­

actions. Those vesicles tha t do bind PCF appear to have e ith e r  regions of high 

density binding or the scattered binding typ ical of whole cell  

membrane. Presumably the low density binding regions s t i l l  contain 

the surface coat, thereby not allowing a c c e s s ib i l i ty  of the PCF 

to the anionic membrane l ip id s .

Kahan et aj_. (83) have used the cation ic  dye, ruthenium
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red, in order to demonstrate a surface coat. The sta in  was much 

more apparent on rough-surface organisms, i . e . ,  those secreting  

membrane ves ic les , than i t  was on ce ll  membranes with smooth 

surfaces. The staining of the c e ll  surface with ruthenium red (a 

small molecule) indicates a loose polymeric ce ll  coat which does 

not allow larger  molecules (such as PCF) to penetrate--qu ite  

possibly a physiological necessity.

In the case of the freshwater f la g e l la te s  and c i l ia te s  one 

might expect tha t the l ip id  composition of the f la g e l la r  and 

c i l i a r y  membranes would necessarily be o f  unusual structures.

This is  so because such l ip id s  would be exposed on th e ir  outside 

surfaces in nature to l ip o ly t ic  enzymes from other organisms which 

would l ik e ly  destroy the membrane. Most bacteria and other microbes 

that have been examined are well protected by a p ro te in , polysaccharide, 

glycoprotein or other polymeric coat which would protect them from 

such enzymatic a ttack . In 0. danica, the secretion of 

vesicles made of s u lfo l ip id  devoid of the coat, could be a superb 

defense mechanism since the l ip id s  may be considered as denaturing 

detergents. One might speculate fu r th er  that i f  such vesicles con­

tained hydrolytic  enzymes--themselves res is tan t to the detergents--  

the system would be potent indeed.

Freeze Cleavage of F la g e l la r  Membrane

The most persuasive evidence fo r  the b i laye r  theory of membrane 

structure  is tha t obtained by fre e ze -frac tu re  electron micrographs.



The investigations of Branton (21) have convincingly demonstrated 

a "cleavage plane" down the center o f a var ie ty  of natural membranes.

The s t a b i l i t y  o f th is  model is dependent upon the structure  

of the polar l ip id s  which are present in natural membranes. To 

date, a l l  polar l ip id s  that have been found in membranes, except 

fo r  the ch lo ro su lfo l ip id s , consist o f hydrocarbon chains which 

terminate as a methyl group at one end and a polar hydrophilic  

group a t the other. The e n t ire  length of the l ip id  molecule from 

the methyl group to the hydrophilic end is hydrophobic. The 

s u lfo l ip id s  do not conform to th is  generalized structure o f membrane 

l ip id s  and presumably should not be suitab le  fo r  the formation of 

a b ila y e r .  However, with the establishment o f the s u lfo l ip id s

in the membrane (and indeed 90% of the polar l ip id s  in the 

membrane), i t  was important to demonstrate a cleavage plane.

Figure 12 is ,  th ere fo re , o f  in te re s t  as i t  shows a freeze frac tu re  

of the iso la ted  f l a g e l la r  membrane vesic les . The freeze frac ture  

c le a r ly  shows the f l a g e l la r  membrane capable o f frac tu r ing  down a 

"cleavage plane."

The smooth q u a l ity  o f most o f the frac tu re  faces is not too 

surprising since the f l a g e l la r  membrane would not be expected to 

maintain a transport function. Such a smooth f la g e l la r  membrane 

freeze frac tu re  was observed by Bergman e t a l . (84) who observed 

occasional rows of "bumps" extending from the base to the t ip  of 

Chlamydomonas re inh ard ii  f la g e l la .



Elemental Analysis o f F la g e l la r  Membrane

The d iva len t cation composition o f membrane preparations 

was studied in order to establish the molar equivalence of calcium 

and magnesium to tha t o f  su lfa te  ester in the membrane. This was 

necessary as the secondary su lfa te  groups may have been held in 

the hydrophobic b i la y e r  by ion pairing to magnesium or calcium 

(which would have been the most probable candidates) shielding  

the charges o f the two secondary sulfates and thereby permitting  

overall hydrophobicity. In order to draw useful conclusions, a 

large batch o f  pure membrane was iso lated in 4 mM manganous acetate  

in which the membrane was stable (see Table 2 ) .  The membrane very 

l i k e ly  has binding s ites  fo r  these d ivalent cations; for example, 

Fay and Witman (86) have demonstrated the presence of a calcium 

activated ATPase from Chlamydomonas f la g e l la r  membrane. I t  would 

not have been surprising therefore to find d iva len t cations bound 

to protein in 0. danica's f la g e l la r  membrane. A major problem in 

quantita ting  the f l a g e l la r  membrane components in th is  experiment 

was the occurrence of trapped material from the f la g e l la r  cytosol 

during the formation of the vesicles. The results  showed that  

e ith e r  magnesium and calcium were present in s u f f ic ie n t  concentra­

tion to bind to the secondary su lfa te  groups on a one to two basis 

i f  they were in the in te r io r  o f  the membrane.

A repeat of th is  experiment was conducted when the f la g e l la r  

membrane was iso lated in EDTA buffer (TEM). No metals were 

detected (Table 4 ) .



Careful quantita tion  o f each membrane component have lead 

to the following conclusions:

1. A ll  o f the nitrogen is  accounted fo r  by e ith e r  

protein or amino sugar. Therefore, an organic 

nitrogen cation tha t could shield a charged su lfate  

in a hydrophobic region, such as a polymeric glyco- 

polymer tha t have been iso lated from ce ll  membrane 

and envelope systems, is discounted as is a smal 1 

d iva len t organic cation.

2. An unknown component is  present in the membrane which 

is  61.2%C, 5.1% H and 33.7% 0. This could indeed be 

the membrane coat suggested by Figures 7 and 8.

Membrane Amino Acid Analysis

The absence of appropriate amounts o f d iva len t cations and 

organic nitrogen molecules suggest membrane protein as supplying 

the necessary counterion to the secondary su lfate  groups. In



th is  case an arginine or lysine residue on an " in tegra l"  (16) 

protein would be l i k e ly .  As determined by amino acid analysis  

(Table 5) th is  appears not to be the case as i t  would require high 

concentrations of the basic amino acids. The basic amino acids 

are re la t iv e ly  low in the composition. The protein composition 

suggests, on the contrary, that the proteins are ac id ic .

A Model fo r  the Structure of the F la g e l la r  Membrane of 0. danica

When the l ip id  composition o f the f l a g e l la r  membrane was 

f i r s t  examined, free  f a t ty  acids (12.3 molar %) were found as an 

important component of the membrane (49 ).  I t  was immediately 

suspected that these substances appeared as a re su lt  o f the 

a c t iv i ty  o f a l ipase in the ex trac t.  In an attempt to exclude 

the p o s s ib i l i ty  of l ipase a c t iv i t y ,  (1 - ^ C )  - acetate labeled 

membrane was spotted d ire c t ly  on a dry TLC p late  (which had 

previously been heated) so that the r e la t iv e  amount of free  fa t ty  

acids could be compared to those in the l ip id  ex trac t.  The 

re la t iv e  amount of f a t ty  acids in each ex trac t was id e n t ic a l .  I t  

was conceivable tha t the lipase was nonetheless active  and there­

fore  the source of the free  fa t ty  acids was not e n t i re ly  c lear.  

Should they e x is t  in an anionic membrane, they would add anions 

to the anionic surface too close to the hydrophobic region and 

fu r th e r  d e s tab il ize  the membrane by surface charge repulsion.

The following discussion, however, sheds a d i f fe re n t  l ig h t  on 

the subject. The free  f a t t y  acids in the membrane may indeed be



the source o f  the s t a b i l i t y  of the b i lay e r .  The pK of long

chain f a t ty  acids is 4 .76 when the ionic strength of the solution

is 0.1 (87 ).  Smith and Tanford explored the d is tr ib u t io n  of 

f a t t y  acids in organic (heptane) vs. aqueous phases a t d i f fe re n t  

pH's. This system had f i r s t  been explored by Peters (88) who 

found that the pKa of f a t t y  acids a t  the benzene-water in te r ­

face was three pH units above that in the bulk aqueous solution.  

Thatanionic surfaces have high a c id ity  in the immediate v ic in i ty  

of the surface was f i r s t  explained by Gouy (89 ).  The counter 

ion (a cation in the case of an anionic surface) is  in the 

bulk solution and a high concentration o f anions a t  a fixed  

surface ionizes the water so th a t protons remain near the 

negative surface and maintain local n e u tra l i ty .  A calculation  

by Davies and Rideal (90) shows tha t a negatively charged 

surface o f 200 mV potentia l a t tra c ts  enough protons to lower

the surface pH by 3 pH units .

Peters (88) showed that the f a l l  in in te r fa c ia l  tension 

in a benzene-water system containing f a t ty  acids commenced 

on the a lk a l in e  side of pH 4 .5  and followed a s tra ig h t l in e  

to pH 9. He estimated th a t the pH at the in te rface  was about 

three units below that of the bulk medium. Most important, 

however, is th a t he was t i t r a t in g  the f a t ty  acid over th is  range 

and that the e f fe c t  on the surface tension was l in e a r .  Smith and 

Tanford (87) have shown that aggregates higher than dimers are 

formed in the aqueous phase as the pH is raised. This would 

account fo r  such a l in e a r  change.



Ochromonas danica is cultured best a t  a pH of about 4 .5 .  

Although the organism survives a t pH's above 7 i ts  growth is  

n e g lig ib le .  The l ip id  composition shows that approximately 

70 molar per cent of the l ip id  in i t s  f la g e l la r  membrane is  the 

mixture o f chlorosulfatides and tha t nearly 25 molar percent 

is  a mixture o f stero ls  and free  fa t ty  acids.

Since a c e ta te -^ C  labeling experiments (49) showed the 

ch lo rosu lfa tides , the free  f a t t y  acids, and the stero ls  together  

constitu te  over 90 mole per cent o f the membrane i t  must be 

assumed tha t these substances are on both sides of the b i lay e r .

A novel ro le  fo r  the f a t t y  acids of the f la g e l la r  membrane 

on the molecular level may now be suggested. This discussion 

w i l l  defer the problem of the secondary sulfates which w i l l  be 

discussed la t e r  and w i l l  assume that the chloroalkyl d isu lfa tes  

are s t r i c t l y  a lkyl su lfa tes .

The pK of an a lky l su lfa te  is  below two. How fa r  below two 

is not known as the f i r s t  pK of s u lfu r ic  acid is  1 .9  (91 ).  I t  

might be inserted here that these e q u i l ib r ia  re fe r  only to aqueous 

solutions. The varia tions  that may occur in a non-aqueous 

environment are i l lu s t r a te d  by the fa c t that esters of f a t t y  acids 

can be formed a t equilibrium  in a non-aqueous phase which is in 

contact with neutral bu ffer (92). This despite the fa c t that the 

equilibrium  in the bu ffer solution is  fa r  toward hydrolysis. This 

observation also influences consideration of the a lkyl sulfates  

in the membrane (including especia lly  su lfa te  esters in the hydro-



phobic in te r io r  of the b i la y e r ) .

I f  the pH of the bulk solution is  4 .5  to 5 .0 ,  the pH a t the 

surface of the anionic membrane can be estimated to be 1.5 to 2 .0  

(another way of s ta ting  th is  is tha t the anions are solvated and 

th a t th e ir  pK's are now three units h igher). At th is  pH a l l  

f a t t y  acids are protonated. In order to approach the pK of the 

f a t t y  acids where the acids would be 50% protonated i t  would be 

necessary to ra ise the pH of the bulk medium to 7 .7 ,  a condition  

most undesirable fo r  the organism. We have assumed u n ti l  now tha t  

the s u lfa te  esters are charged but what is now very in teresting  

is th a t the pK of the su lfa te  esters may themselves be in the 

range of the pH a t the surface o f the membrane.

Gebicki and Hicks (93) made vesicles of o le ic  acid buffered at  

pH 8 - 9 which retained glucose u n t i l  disrupted by T r i to n  X - 100.

These studies were la te r  expanded (97) to include l in o le ic  acid

and a preparation of liposomes (probably m u lt i lam e lla r )  was obtained

which contained water. The liposomes were impermeable to glucose

and stable a t  pH 8. Although these investigators  undoubtedly

had m u lt i lam e lla r  vesicles th e i r  glucose retention and osmotic

swelling studies ( in  addition to the electron microscope studies)

have together established that there is a b i la y e r  formed. This is rather

impressive i f  one took a t face value tha t the e n t ire  surface of the

liposome would be considered anionic a t  pH 8. However, is is

now known that a t the anionic surface the pH is c loser to 5.

Another in te res tin g  feature  o f the work of Gebicki and Hicks 

is tha t they were unable to form these vesicles of saturated



f a t t y  acids which is why they called them ufasomes (unsaturated 

f a t t y  acids liposomes). Furthermore, the l in o le ic  acid (18:2)  

derived liposomes behaved as though they had greater s t a b i l i t y  

than those made from o le ic  acid (18 :1 ) .

Rosano, e t .  a ! . ,  (94) and Feinstein and Rosano (95) have

t i t r a te d  potassium myristate solutions (50 mM) with acid and found 

th a t upon t i t r a t io n  a p re c ip ita te  formed which had a 1:1 acid to

soap r a t io .  This p re c ip ita te  was formed as the micelles were

neutra lized and not u n t i l  a l l  of the micelles were neutra lized did 

the non-mi c e l la r  fa t ty  acids become neutra lized  to form a pure fa t ty  

acid p re c ip ita te .  These observations are especia lly  important since 

the pH a t  which the 1:1 acid-soap mixture (a t an anionic surface) 

buffered the solution a t pH 8.3  and the free f a t ty  acid anions were 

neutra lized a t 4 .5 . A dd itiona lly  the 1:1 soap to f a t t y  acid

p re c ip ita te  points up the special s t a b i l i t y  o f the RCOO" complex with RCOOH.

The remarkable s t a b i l i t y  of th is  complex is not new. Smith and 

Tanford (87) s ta te  that "hydrogen bonds between RCOO' and RCOOH 

are e x trao rd in a r i ly  stable when carboxyl groups are attached to 

long alkyl chains." The recognition of th is  special s ta b i l i t y  

goes back to the work of Westheimer and Benfey (96) who studied 

the pKa's of d icarboxylic  acids containing hydrocarbon groups. The 

presence of the alkyl group on the molecule was shown to p a rt ic ip a te  

in s ta b i l iz in g  the HA^~ anion. I t  appears, th ere fo re , that th is  is 

the basis of the s t a b i l i t y  o f both the f a t ty  acid liposomes of 

Gebicki and Hicks (93) and of the c ry s ta l l in e  state o f Feinstein  

and Rosano (95).
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In view o f the above i t  is  not, th ere fo re , surprising that  

Hargreaves and Deamer (98) have obtained liposomes (including some 

unilam ellar vesicles) from dodecanoate and dodecanol mixtures and from 

dodecyl su lfa te  and dodecanol mixtures, and o leate-cholesterol 

mixtures. They also obtained vesicles from a l l  o f the oure 

saturated f a t t y  acids they tested (a t  50 mM concentration), provided 

they were above the tra n s it io n  temperature (Tm). Indeed they also obtained 

sucrose impermeable vesicles from octadecyl su lfa te  and octadecyl phosphate. 

This work espec ia lly  notes the necessity of using temperature above the Tm 

of the l ip id s  of the b i lay e r  and some of the procedures for the formation of 

vesicles are conducted as high as 60°. This explains the require­

ment in the Gebicki and Hicks studies fo r  unsaturated fa t ty  acids.

A second important observation of Hargreaves and Deamer (98) is 

th a t e i th e r  one must conduct the liposome formation about 3 pH 

units above the pK of the anion ( in  addition to the Tm requirement) 

or there must be "spacer" molecules in the plane of the b i laye r  to 

separate the charged head groups.

The im plication of the l a t t e r  finding is that the f a t ty  acids 

may serve as "spacer" molecules in f a t ty  acid liposomes when the 

polyanionic surface is three pH units below the pH of the bulk 

medium i f  the bulk medium is  three pH units above the pK. Under 

these conditions 50 per cent o f the f a t ty  acid molecules are pro­

tonated and 50 per cent are anionic. The protonated f a t t y  acids 

are being u t i l i z e d  as "spacer" molecules fo r  the anions and the 

surface is  stable .

The a lte rn a t iv e  is a long-chain alcohol or a s te ro l.  Liposomes
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containing such molecules are stable a t pH's in excess of the 

3 units above the pK of the anion.

The implications of th is  information to the f la g e l la r  

membrane of 0 . danica is th a t the membrane l ip id s  may be 

considered as producing a polyanionic surface. The sterols  

and the fa t ty  acids may both be considered "spacer" molecules 

(F ig. 13). This is so because the pH of the bulk medium is  

4 .5  which means tha t the surface pH is about 1 .5 . Thus a l l  

of the f a t t y  acids w i l l  be protonated and w i l l  p a rt ic ip a te  

as "spacers." The ch lorosu lfa tides , on the other hand, w i l l  

behave la rg e ly  as anions. Although the pK of the sulfatides  

is not known i t  is  probably in the range of 1.5 (91). A 

s ig n if ic a n t  portion of these molecules may be in the protonated 

state  which would convert them to "spacers" as w e ll .



Sulfate groups are a t  

or near the pK. Some 

are charged creating the 

anionic surface. Others 

are protonated and serve 

as "spaces" separating  

the anions which would

hydrophobic region are

Fatty acids are protonated 

an d --! ike  s te ro ls --a ls o

Chloro groups are the size  

of methyl groups and 

f a c i l i t a t e  the f l u i d i t y  

of the f lu id  region.

iuter
otherwise be repulsive.

Rigid Sulfate  groups in the
Region

di-protonated dimers.

Fluid
Region

Rigid
Region

serve as hydrogen bonding

Inner
Ionic
Layer

"spacers."

Fig. 13. Proposed model fo r  the arrangement of ch lo ro su lfo lip id  in  

the f l a g e l la r  membrane of 0 . danica.
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In view of the above discussion i t  is  now c lear tha t  

one might suspect f a t t y  acids and some s u lfa t id e  to e x is t  

on the surface o f the membrane in the protonated form.

Several l ines  of evidence suggest th a t the su lfa t ides  are 

not present in the membrane b ilayers as d iva len t cation  

s a lts .  The f i r s t  is  th a t  the membrane is  stable in the 

presence of 1 mM EDTA. Secondly, elemental analysis of 

th is  membrane revealed no metal cation present. A d d it io n a lly ,  

results  presented here shows the presence of no organic 

nitrogen compound capable of shielding the secondary su lfa te  

in the hydrophobic region of the membrane.

The secondary su lfa te  esters are suspected to be 

deep in the b i laye r  in the protonated form (F ig . 13).

Such a suggestion has many a t t ra c t iv e  features. The f i r s t  

is that the secondary sulfates (which are tetrahedrons) 

are held together with two hydrogen bonds i f  each is pro­

tonated.

The function of the chloro groups on the chlorosulfo-  

1ipids in th is  hypothetical discussion of an extremely acid 

b ilay e r  is  as follows:
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I t  is  apparent th a t the chloro groups which are s te r ic a l ly  

the size of methyl groups may enhance the l iq u id i t y  

of the membrane. This is analogous to the cis  double 

bonds of the polyunsaturated fa t ty  acids. I t  is important 

to note here that the data o f Gebicki and Hicks (97) 

showed that only unsaturated fa t ty  acids were capable 

of forming f a t t y  acid b ilaye rs— so much so th a t  these 

investigators called them "ufasomes." On the other hand, 

Hargreaves and Deamer (98) were able to extend th e ir  work to 

saturated f a t ty  acids by ra is ing  the temperature and by 

shortening the chain length so tha t the liposomes were 

above th e ir  t ra n s it io n  temperature. Chen et a l . (49) 

have noted th a t the 0 . danica f la g e l la r  membrane f a t ty  

acids are e ith er  short or polyunsaturated.

I t  is in te res ting  to speculate that a t a pH of about 7 in 

preb io tic  earth , the f i r s t  b i la y e r  was a b i lay e r  of fa t ty  acids 

ju s t  3 pH units above the pK. I t  may well be that 0. danica and 

the other organisms that contain these chlorosulfatides exemplify 

an early  fork in evolution in  which the f a t ty  acid b i laye r  never 

achieved what is probably the evolutionary advantages of the 

phospholipid b i layer .
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