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ABSTRACT 

Methods were developed for the isolauon of Chlarnygomonas flagella and for their fractiona- 

tion into membrane, mastigoneme, "matrix," and axoneme components. Each com- 

ponent was studied by electron microscopy and acrylamide gel electrophoresis. Purified 

membranes retained their tripartite ultrastructure and were shown to contain one high 

molecular weight protein band on electrophoresis in sodium dodecyl sulfate (SDS)-urea 

gels. Isolated mastigonemes (hairlike structures which extend laterally from the flageUar 

membrane m situ) were of uniform size and were constructed of ellipsoidal subunits joined 

end to end. Electrophoretic analysis of mastigonemes indicated that they contained a 

single glycoprotein of ~-~ 170,000 daltons The matrix fraction contained a number of 

proteins (particularly those of the amorphous material surrounding the microtubules), which 

became solubilized during membrane removal. Isolated axonemes retained the intact 

"'9 -1- 2" microtubular structure and could be subfractionated by treatment with heat or 

detergent. Increasing concentrations of detergent solubilized axonemal microtubules in 

the following order: one of the two central tubules; the remaining central tubule and the 

outer wall of the B tubule; the remaining portions of the B tubule; the outer wall of the A 

tubule; the remainder of the A tubule with the exception of a ribbon of three protofilaments. 

These three protofilaments appeared to be the "partition" between the lumen of the A and B 

tubule. Electrophoretic analysis of isolated outer doublets of 9 -1- 2 flagella of wild-type cells 

and of ':9 -t- 0" flagella of paralyzed mutants indicated that the outer doublets and central 

tubules were composed of two microtubule proteins (tubuhns 1 and 2) Tubulins 1 and 2 

were shown to have apparent molecular weights of 56,000 and 53,000 respectively 

I N T R O D U C T I O N  

The biflagellate, unicellular alga Chlamydomonas 
has been shown to have several unique advantages 

for studies on flagellar formation and function: 

it can be grown to high densities in defined medium 

(Sager and Granick, 1953; Gorman and Levine, 

1965), its division can be synchronized by use of 

alternating light and dark periods (Bernstein, 

1960; Kates and Jones, 1964), the flagella can be 

detached and isolated in large quantitms, and tile 

deflagellated ceils will synchronously regenerate 

new flagella (Rosenbaum et al., 1969) There are, 

in addition, detailed ultrastructural analyses of the 

cell (Sager and Palade, 1957; Johnson and Porter, 

1968) and its flagella (Ringo, 1967 a, 1967 b, 

Hopkins, 1970). Perhaps of even greater impor- 

tance, mutants with defective flagella can be iso~ 
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lated easily (Lewin, 1954, 1960) and genetically 

analyzed (Levine and Ebersold, 1960; Sager, 1964; 

Randal l  et a l ,  1964). 

Studies on the development of Chlamydomonas 

flagella have been directed primarily toward the 

investigation of the in vivo synthesis, assembly, 

and turnover of flagellar proteins (Rosenbaum et 

al., 1969) By use of inhibitors of protein synthesis 

and microtubule assembly, it was demonstrated 

that  flagellar development depended in part  on 

preexisting flagellar precursors and in part on new 

protein synthesis, which was triggered by 

flagellar amputation. I t  was also found that  as- 

sembly of the flagellum, particularly the micro- 

tubules, occurred at the distal tip of the elongating 

flagellum (Rosenbaum et a l ,  1969; Wttman and 

Rosenbaum, unpublished results), and that  little 

turnover of flagellar proteins took place in full- 

grown flagella (Gorovsky et al., 1970). Related 

studies by Coyne and Rosenbaum (1970) demon- 

strated that  when one flagellum was amputated, 

the remaining flagellum was resorbed and that the 

resorbed proteins were reutilized in the subsequent 

formation of new flagella. Additional studies on the 

relation between flagellar precursor pools and the 

control of flagellar elongation are to be reported 

(Moulder,  1972; Moulder  and Rosenbaum, in 

preparation).  All of these findings, concerning 

various aspects of flagellar development in vivo, 

provide a firm foundation for studies on the forma- 

tion of the individual components of the flagellum. 

However,  before such studies could be initmted, 

it was first necessary to develop methods for flagel- 

lar fractionation. 

In  this report, methods for isolation and frac- 

tionation of wild-type and mutant  Chlamydomonas 
flagella are described. Some of the techniques are 

new, while others are based on methods used by 

Gibbons (1963, 1965) for the isolation and frac- 

tionation of Tetrahyrnena cilia. By use of these pro- 

cedures, Chlamydomonas flagella were fractionated 

into their membrane,  mastigoneme, matrix, and 

microtubule components The outer doublets were 

then fractionated into A tubules, B tubule protein, 

and the common wall between the A and B tubules 

The  protein composition of each of the major frac- 

tions was analyzed by urea and SDS-urea acryla- 

mide gel electrophoresis The  analysis of the outer 

doublets indicated that they contained two 

microtubule proteins. The  arrangement of these 

two proteins in the walls of the outer doublet 

microtubules is treated in the following report 

(Witman et a l ,  1972), and their purification and 

characterization is reported elsewhere (Olmsted 

et a l ,  1971; Carlson, Witman and Rosenbaum, in 

preparation). 

M A T E R I A L S  A N D  M E T H O D S  

Cultures 

Two strains of Chlamydomonas were used: 21-gr 
(wild-type) and pf-18 (paralyzed mutant). Cultures 

were grown in Medium I of Sager and GranJck 
(1953) in 250-ml Erlenmeyer flasks, 2- and 5-liter 

diptheria toxin bottles (Pyrex 1295), and 8-liter 
solution bottles (Pyrex 1595). All cultures were 
incubated at room temperature (ca 25°C) and 

bubbled with air; cultures in 8-liter bottles were 
stirred magnetically. All of the experiments reported 
here were carried out on cells synchronized by a 14 
hr light and 10 hr dark cycle (Bernstein, 1960; Kates 

and Jones, 1964). In some experiments with wild- 
type cells, sodium acetate (3 g/liter) was included in 

the medium to permit the cultures to reach much 

higher densities than they would on the Sager and 
Granick Medium I. When acetate was used, three 
times the normal concentration of phosphate buffer 

was included in the medium. Although the syn- 
ehrony of division was still maintained in the presence 
of acetate, division was usually not completed until 
about 2 hr of the light cycle had occurred, whereas on 
minimal medium, division was completed during the 

dark cycle. Acetate was not used to culture the para- 

lyzed mutant pf-18 

Harvesting of Cells 

Cells in 100 to 1000-ml cultures were harvested at 

room temperature by centrifugation m an IEC 
(International Equipment Company, Needham 

Heights, Mass.) PR-6 centrifuge with either 50-ml 
conical tubes and the No. 953 swinging bucket head 
at 550 g (1450 rpm) for 5 min, or 250-ml bottles and 

the No. 284 swinging bucket head at 1000 g (2200 
rpm) for 6-8 rain. Cells in larger cultures were 

harvested with a De Laval cream separator (De 
Laval Separator Co,  Poughkeepsie, N. Y,  Model 
No. 104, Cow to Can, with the cream outlet of the 
rotor plugged with solder) operated at half speed. 

The concentrated cells were resuspended in 10 m~ 
Tris, 1,~ and washed once with the same buffer by 
centrifugation in 250-ml bottles as described above. 

1 Abbreviatwns used: disodium EDTA, disodium 
ethylenediaminetetraacetate, ME, 2-mercapto- 
ethanol; PTA, phosphotungstie acid, SDS, sodium 
dodeeylsulfate, Tns, Tris (hydroxymethyl) amino- 

methane. 
2 All Tris buffered solutions used in these studies were 

adjusted with HC1 to pH 7.8 at 23°C unless stated 

otherwise. 
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T h e  flagella were de tached  and  isolated f rom the  

concent ra ted  cells by one of the  following procedures .  

Flageltar Detachment and IsolatioT~ 

(1) SVCROSE-PH METHOD Thls  p rocedure  was 

a modif icat ion of the  me t hod  originally described for 

the  removal  of flagella f rom Euglena ( R o s e n b a u m  and  

Child,  1967). T h e  ceils were harves ted  f rom 10 mM 

Tris  and  were resuspended  in cold 10 m g  T n s  

conta in ing  5 /~  sucrose All of  the  subsequen t  opera-  

tions were per formed at  2 - 4 ° C  Whi le  st irring the  

suspension vigorously wi th  a m a g n e u e  stirrer, the  p H  

of the  concen t ra ted  cell suspension was quickly 

lowered to 4 5 by  addi t ion of 0.5 N acetic acid T h e  

flagella became  de tached  in about  30 see T h e  p i t  

was t hen  raised to 7 0 by addi t ion of 0 5 N K O H  or 

T n s  base Flagel lar  d e t a c h m e n t  was independen t  of 

the  vo l ume  of the  suspension and  of the  cell con- 

cen t ra t ion  (up to 6 X l0 s cells/mI) 10 to 15-ml 

samples of the  suspension of cells and  flagella were 

t hen  p laced in 50-ml conical, po lycarbona te  tubes  

and  under layed  wi th  15-20 ml  of 25c~e sucrose, 10 

m ~  Tris. Cent r i fugat ion  at  3000 g ( IEC PR-6,  

swinging bucket  head  No. 253, 3200 rpm)  for 10 m m  

sed lmented  the  cell bodies t h rough  the  25/c~ sucrose 

while  the  flagella r ema i ned  m the 5% sucrose and  at 

the  interface be tween the  two sucrose solutions, T h e  

interface a n d  the  5 %  sucrose layer  con t a imng  the  

flagella were removed,  unde r l ayed  aga in  wi th  25 ,~  

sucrose, 10 m ~  Tris,  and  centr i fuged as above to 

remove  any remain ing  cell bodies. T h e  cell-free inter-  

fac~ a nd  5 %  sucrose layer  were then  r emoved  a n d  

centr i fuged at  31,000 g (Sorvall RC-2 ,  SS-34 rotor, 

16,000 rpm)  for 20 m m  to sed iment  the  flagella. 

(2) S T E E P  ~-  C AL GlUl~[ P R O C E D U R E  T h e  

flagella were also isolated f rom CMamydomonas by  a 

modi f ica tmn of Gibbons" procedure  for isolating cilia 

f rom Tetmhymena (Gibbons, 1965). T h e  concent ra ted  

and  washed  cells were resuspended  in an  equal  vo lume  

of 10 m ~  Tris  and  cooled to 10°C. As soon as the  cells 

were chilled, four  to five t imes the  cell suspension 

vo lume of cold (1-2°C)  Gibbons '  solution (0.15 ~t 

sucrose; 15 m ~  Tris ,  2.5 m g  d isodium e thy lenedm-  

mmete t r aace t a t e  (d isodium E D T A ) ,  11% E t O H ,  30 

mM KC1 this solution will be  called " S T E E P  ' '3 was  

adde~  and  the  suspension st irred vigorously on a 

magne t i c  stirrer. Sufficient 1 M ca lc ium chlor ide was 

then  added  to give a f n a l  concent ra t ion  of 15 mM 

for wild- type (21-gr) cells a n d  18 mx~ for the  para lyzed  

m u t a n t  (pf-18}. DeflageIlation was comple te  in 

abou t  2 min .  T h e  flagella were then  separa ted  f rom 

s W a r n e r  (unpubl i shed  results) has  found  tha t  a 

solution conta in ing  10c~, ethanol,  5~c sucrose, 30 

mM KC1, 2 mM h[gC12, 1 m2a E G T A ,  and  10 rnM 

N-2-hydroxye thy lp Ipe razme-N ' -2 -e thane  sulfonic 

acid (HEPES)  ad]usted to p H  7 2-7 .4  at 23°C can  be  

subst i tu ted for the  S T E E P  solution 

the  cell bodies by the  centrf fugat ion procedure  

described above for sucrose-pH flagella These  

flagella will be  referred to as " S T E E P  + ca lc ium"  

flagella I t  was Impor tan t  m the  isolation of flagella 

by this p rocedure  tha t  no  more  t h a n  the  specified 

a m o u n t s  of ca lc ium were added ,  otherwise the  

flagella, a l though  intact ,  were resis tant  to fu r ther  

f ract ionat ion by some of the  procedures  used.  T h e  

m e t h o d  was successful for pf-18 and  21-gr ceils g rown  

m min ima l  m e d i u m ,  bu t  did  not  work  consistently 

for cells g rown in m e d i u m  supp lemen ted  wi th  acetate.  

Etectrophoresis 

(1) UREA GELS' T h e  proteins of whole  flagella 

or fractions thereof  were p repa red  for ac ry lamide  gel 

electrophoresis by t r e a tmen t  wi th  8 ~ urea ,  reduct ion  

wi th  2-mercaptoe thanol  (h iE)  or dithiothreltol ,  and  

a lky lauon  with lodoacetic acid, all by  use  of s t anda rd  

procedures  (Hirs, 1967, R e n a u d  et al., 1968) T h e  

proteins were separa ted  by electrophoresis at  2-3. 

m a / g e l  in 7 .5% polyacry lamide  gels (Orns tem,  

1964, Davis, 1964) conta in ing  8 M urea,  T h e  gels were  

6 m m  in d iamete r  and  ca. 75 m m  long, For  deter- 

m m a u o n  of the  relative a m o u n t s  of  var ious  proteins,  

the  gels were s ta ined with fast green a n d  quan t i t a t ed  

as described by Gorovsky et al. (1970) Fas t  green 

has  been  shown to give the  same color yield for 

different proteins and  to stain flagellar ptoteins  in 

a m o u n t s  up  to 150-200 /.tg/6 into d iamete r  gel wi th  

no appreciable  deviat ion f rom hnear l ty  (Gorovsky 

et a l ,  1970). I n  the  present  s tudy  the  a m o u n t  of 

pro te in  applied to each gel was be tween  20 and  60 

#g. U r e a  acry lamide  gels were  usual ly  r u n  in dupli-  

cate  so tha t  one gel could be s ta ined wi th  Coomassie  

br i l l iant  b lue  ( C h r a m b a c h  et al., 1967). Th i s  dye is 

more  sensitive t h a n  fast green and  was useful an 

detect ing proteins present  in very low concent ra t ions  

(2) SDS-UREA GELS Proteins were also ana -  

lyzed on SDS-urea  ac ry lamide  gels by a modif icat ion 

of the  m e t h o d  described by L a e m m l i  (1970). Pro- 

teins were dissolved m a solution con ta in ing  8 M 

urea,  2~c SDS, 5c'v h iE ,  and  0.0625 ~a TrIs (pH 6 8 

a t  23 °C) by hea t ing  for 3 m in  in boiling water .  T h e  

proteins  were then  separa ted  by electrophoresis a t  2 

m a / g e l  in a discont inuous gel sys tem identical  to 

tha t  used  for u r ea  gels (see above) except  tha t  all gel 

solutions and  buffers conta ined  0.1 ,~ SDS Gels were 

fixed in 50% trichloroacetic acid and  s ta ined wi th  

Coomassie  bri l l iant  b lue  as described by L a e m m l i  

(1970) 

Determination of Protein Concentration 

T h e  concent ra t ion  of protein  In flagellar fractions 

was de te rmined  by the  m e t h o d  of Lowry  et al. (1951) 

using s e rum a l b m n i n  s tandards  
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Electron Microscopy 

( I )  T H I N  S E C T I O N S  : All flagellarfractions were 
placed in 13.5-mi polycarbonate (Oak Ridge) tubes 
and centrifuged at 133,000 g (Spinco L2-65B, 50-Ti 
rotor, 45,000 rpm) for 45 rain. The supernatants were 
removed and the pellets fixed in situ for 60 mill with 

2.5% glutaraldehyde in 10 mM potassium phosphate 
buffer, pH 7.0, (usually at 0°C), and post-fixed for 

60 mill in 1.0% osmium tetroxide at 0°C in tile same 
buffer. The pellets were dehydrated in situ ill 50, 70, 

95, and 100% alcohols, and then gently teased from 
the tube wall with a needle or small spatula. The 
intact pellets were transferred to a glass vial for 

further dehydration in propylene oxide, followed by 
infiltration and flat embedding in either 1Viaraglas 
(Erlandson, 1964), Epon, or Araldite (Luft, 196l). 

The pellets were sectioned with a Porter-Blum MT-2 
mierotome. Because flagella are elongate, they usually 

were oriented with their longitudinal axes in the 

plane of the pellet; therefore, sectioning at 90 ° to the 

plane of the pellet resulted in many flagellar cross- 
sections in each thin section (see Fig. 10). This tech- 
nique greatly facilitated the quantitative analysis of 

flagellar microtubules in the various fractions as 
described in the following report (Witman et al., 1972). 

The sections were mounted on uncoated 400-mesh, 
or Formvar-coated 200-mesh grids then stained with 
uranyl acetate and lead citrate (Reynolds, 1963; 

Venable and Coggeshall, 1965) and observed with a 
Philips 200 electron microscope. 

(2) NgGATIV~ STAINS: A drop of the flagellar 
fraction was placed on a Formvar- and carbon-coated 

400-mesh grid. After a few minutes, most of the drop 
was removed with a pipette. A drop of 4% phospho- 

tungstic acid in 0.4% sucrose (pH 7.0) was placed on 
the grid and immediately drawn off with a piece of 

falter paper. The grid was then examined with a 
Philips 200 or 300 electron microscope. 

R E S U L T S  

(I)  Appearance of  isolated Flagella 

The integrity of the isolated flagella of Chlamydo- 

monas differed depending on whether they were de- 

tached by the sucrose-pH or the STEEP + cal- 

c ium procedure. Their  appearance as judged by 

light microscopy with phase and Nomarski op- 

tics and by electron microscopy of thin-sectioned 

material  is described below. 

(A) S T ~ P  + CALCIt~ PLAO~LLA 

The flagella isolated by this procedure appeared 

straight and intact when observed by phase or 

Nomarski microscopy (Fig. 1). There was no ob- 

vious membrane fraying even after the prepara- 

tion had remained in STEEP + calcium for sev- 

eral hours. Electron microscopy revealed that al- 

most all of these flagella had intact membranes and 

axonemes and still retained their flagellar sheaths 

and mastigonemes (Fig 3). The matrix in which 

the axonemes were embedded appeared to be 

much denser than in flagella in s~tu The  condens- 

ing of the matrix was apparently due to membrane 

shrinkage during flagellar isolation, since the iso- 

lated flagella had considerably smaller diameters 

than flagella in situ. The membrane shrinkage also 

squeezed the outer doublets closer together, so that 

the diameters of the axonemes were smaller in 

isolated flagella with intact membranes (Fig 3) 

than in flagella with disrupted membranes (see 

sucrose-pH flagella in Fig. 4) or than in flagella in 

situ (see Figs. 43 and 48 in Ringo, 1967 a, and Fig. 

7 in Ringo, 1967 b) In  many cases, one or more of 

the outer doublets were displaced toward the 

center of the axoneme (Fig. 3, arrows). 

(B) SucRosE- t i t  FI,AG~L:LA 

Observations of sucrose-pH flagella by phase or 

Nomarski optics indicated that most of the flagella 

were straight but, in contrast to the STEEP + 

calcium flagella described above, a variable por- 

tion appeared to have ragged membranes, to be 

thinner, and to be stuck to the glass slide or cover 

slip. 

When sucrose-pH flagella were harvested and 

resuspended in medium lacking sucrose (e.g. 10 

rn~ Tris, pH  7.0), the flagella with frayed mem- 

branes remained straight, while those with intact 

membranes swelled (Fig. 2) so that they appeared 

round or discoid. Consequently, suspending a sam- 

pie of sucrose-pH flagella in medium lacking su- 

crose and observing the percentage of flagella 

which were swollen could be used as a rapid 

method for assaying the number  of flagella having 

intact membranes. 

Electron microscopy indicated that some su- 

crose-pH flagella had intact membranes and were 

very dense as described above for the STEEP + 

calcium flagella, while others had disrupted mem- 

branes (Fig. 4). The  flagella with disrupted mem- 

branes had lost some of their matrix, and often one 

of the two central tubules and the outer portion of 

some of the B tubules had been dissolved. Although 

these "partially-intact" flagella could not be used 

as starting material for isolating intact 9 + 2 
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FmvnEs 1 and ~ Nomarski mierographs of isolated flagella. X ~000 (Approximate). Fig. 1, Flagella 
isolated by the STEEP + calcium procedure. The flagella appear straight and intact. Fig. ~, Flagella 
isolated by the sucrose-pH procedure and resuspended in 10 mM Tris, ptI 7.0. The flagella with frayed 
membranes remain straight (f) ; those with intact membranes swell (i). 

axonemes, they" were useful for isolating outer 

doublet microtubules (see below). 

In  general, although the flagella isolated by the 

sucrose-pH procedure were not as intact as those 

isolated by the STEEP + calcium method, the 

sucrose-pH procedure was easier, quicker, and 

more manageable, especially when large volumes 

of cells were used. I t  was also milder in that it did 

not require the use of ethanol, EDTA, or calcium. 

Various procedures were tried for removing the 

membranes from the intact STEEP + calcium 

flagella without simultaneously dissolving parts of 

the 9 + 2 microtubular axonemes. Among these 

were treatment with detergents, mechanical agi- 

tation, osmotic lysis, and dialysis against low ionic 

strength solutions at different pHs. Three methods 

proved satisfactory; in two of these methods the 

detached membranes remained morphologically 

intact, while in the third method the membranes 

were dissolved These three procedures are de- 

scribed below' 

( I I )  Detachment of Flagellar Membranes 

From Axonemes 

(A) STEEP + C.~LClUM FLXG~LLi 

(1) STEEP MINUS CALCIUM RINSE: Flagella 

isolated by the STEEP + calcium procedure were 

resuspended in STEEP without calcium, using 3 ml 

of this solution per original 7 5 ml of packed cells. 

The resuspension was carried out  in the cold (2- 

4°C) and at no time was the temperature per- 

mitted to go over 4°C The suspension was vigor- 

ously pulled up and down through a Pasteur 

pipette until  most of the "silkiness" characterizing 

preparations of intact flagella had disappeared and 

the turbid solution had cleared somewhat. This 
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usually took 5-10 min. Phase or Nomarski micro- 

scope observations (1000 X) showed that the 

demembranated flagella were straight and slightly 

less dense than the intact flagella, and were stuck 

to the slide or cover slip, in contrast to the intact 

flagella which moved freely in the solution The 

detached membranes were visible as very fine 

particles. 

(2)  N O N I O N I C  D E T E R G E N T :  When STEEP  

+ calcium flagella were treated with nonionic de- 

tergents such as Tri ton X-100 or Nonidet  P-40 

(Shell Chemicals, London SE 1, England), the 

membranes were not only efficiendy removed, but  

almost entirely solubilized, leaving intact axo- 

nemes. To carry out  this procedure, STEEP + cal- 

cium flagella from 4 liters of culture were sus- 

pended in I -2  ml of cold STEEP minus calcium. 

An equal volume of 1% Nonidet  P-40 made up in 

S T E E P  minus calcium was added to give a final 

detergent concentration of 0 5 %. The suspension 

was agitated with a Pasteur pipette until phase 

microscope observation indicated that  most of the 

flagella had been demembranated.  The suspension 

was then layered over 3.0 ml of 40% sucrose (in 

STEEP),  and centrifuged at 16,000 g (Sorvall 

HB-4 swinging bucket rotor, 10,000 rpm) for 1 hr. 

The  resulting supernatant contained detached 

mastigonemes (see below) and solubilized mem- 

brane proteins. The  pellet contained intact axo- 

nemes. 

(3) IONIC DETERGENTS: The membranes 

could also be removed from STEEP + calcium 

flagella by t reatment  with 0 1% Sarkosyl a in I0 

m~  Tris for 15-30 min at 4°C. Although this was a 

very effective method for removing the membranes 

without solubilizing them, the use of ionic deter- 

gents like Sarkosyl resulted in somewhat more 

microtubule breakdown than either of the two pro- 

cedures described above. 

4 Sarkosyl NL-97 (sodium lauroyl sarcosinate) was 

obtained from Geigy Chemical Corp., Ardsley, N. Y. 

(B) SuoRosE-*'H :FLAGELLA 

Two methods were used to detach membranes 

from axonemes of sucrose-pH flagella: 

(l) IONIC D E T E R G E N T :  The flagella w e r e  

treated at 4°C with 0.1% Sarkosyl in 10 m~ Trls 

until phase or Nomarski microscope observations 

indicated that most of the membranes were de- 

tached from the axonemes (about 15-20 rain) In 

contrast to the STEEP + calcium axonemes, the 

demembranated suerose-pH axonemes were 

splayed out into fine fibrils at one end. 

(2) L O W  IONIC S T R E N G T H  D I A L Y S I S :  The 

membranes could also be removed from sucrose- 

pH  flagella by resuspending the flagella in T E M  

solution (0.1 inM EDTA,  0 01% ME,  1 mM Trls, 

p H  8 0 at 23°C) and dialyzing them against 500 

volumes of this solution at 4°0  After 12-14 hr of 

dialysis the membranes had become detached 

from the axonemes, which were splayed out into 

fine fibrils along most of their lengths. As described 

below, these fibrils consisted primarily of separated 

outer doublets 

( I I I )  Separation of Flagellar Membranes 

from Axonemes 

After detaching the membranes from the 

axonemes of STEEP + calcium or sucrose-pH 

flagella by any of the above methods (except the 

method utilizing nonionic detergent, where tile 

membranes were solubilized) the membranes 

could be separated from the axonemes by either 

of the following procedures 

(A) DIFFERENTIAL CENTRIFUGATION 

The suspension of membranes and axonemes 

was layered over an equal volume of 40% sucrose 

(in STEEP for STEEP + calcium flagella or in 

10 m~ Tris for sucrose-pH flagella) in 12-ml round- 

bottomed tubes and centrifuged at 16,000 g 

FmtmE 8 Electron micrograph of flagella isolated by the STEEP A- calcium procedure. The nine outer 
doublet microtubules and two central microtubules of the axoneme are intact and embedded in a densely- 
staining matrix. The flagellar membranes are mostly intact and appear to have contracted around the 
axoneme, decreasing the diameter of the flagellum and condensing the matrix. In some cases, one of the 
outer doublets has been forced towards the center of the axoneme (arrows). X 63,000. Inset: Isolated 
flagella retain the flagellar sheath (fs). In outer doublets of many flagella, small beaklike projections 
(arrows) extend from the wall of the B tubule into the lumen of that tubule; these projections almost 
always occur ha one outer doublet on one side of the central tubules and in two outer doublets on the 
opposite side. X 118,000. 
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FIGUnE 4 Electron mierograph of flagella isolated by the suerose-pH proeedure. Some flagella remain 

intact, but in others the membranes are detached from the axonemes, and the densely-staining matrix 

is gone; in such flagella one of the two central mierotubules and outer portions of the B tubule of the 

outer doublets are often solubilized. >( 55,000. 



(Sorvall HB-4 swinging bucket rotor, 10,000 

rpm) for 60 min Most of the membranes remained 

at the interface between the original suspension 

and the 40% sucrose, while the axonemes were 

sedimented to the bottom of the tube. The inter- 

face was removed and centrifuged at 105,000 g 

(Spmco 50-Ti rotor, 40,000 rpm) for 60 min to 

obtam the membranes The membranes isolated 

by this procedure had the typical tripartite ultra- 

structure and appeared to be nearly free of micro- 

tubular components when judged by both electron 

microscope (Fig. 5) and electrophoretm analyses 

(see See. VI I I  B 3). For most of the work described, 

this differential centrifugation method was used 

(B) Isol"YcNIc CENTRIFUGAT~O~ 

Alternatively, the membranes could be isolated 

by equilibrium centrifugation m sucrose Samples 

of the suspension of membranes and axonemes 

were layered over linear 35-60 % sucrose gradients 

m 10 m:~ Tris and centrifuged at 148,000g (Spmco 

SW-41 rotor, 35,000 rpm) for 10 hr. The mem- 

branes banded isopycnicalh at about 45 % sucrose 

while the axonemes were sedlmented to the bot- 

tom The membrane band as it appeared in the 

centrifuge tube is shown m the inset of Fig 5. 

Although this procedure was more Ume-consuming 

than the separation by differential centrlfugation 

described above, the iesulting membrane fractions 

were cleaner when judged bv both electron 

microscope and electrophoretic criteria. 

(IV) Matrix 

Various flagellar proteins, primarily those con- 

tained in the densely staining matrix, were re- 

leased into solution upon detachment of the mem- 

brane from the axoneme. These matrix proteins 

remained in the supernatant after separation of 

FIGURE 5 Electron micrograph of flagellar membranes which have been separated from axonemes 
by the differential centrifugatlon procedure. No axonemal components are apparent. X 4%000. Inset: 
Membranes which were separated from mxonemes by isopycnic centrifugation formed a band (arrow) at 

about 45% sucrose. 
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the membranes from the axonemes by either of the 

above methods. Because the different procedures 

for membrane detachment solubilized different 

flagellar structures (see See VI A), the mamx 

fractions contained varying numbers and types of 

proteins For example, when membranes were 

detached from sucrose-pH flagella by the TEM 

dialysis procedure, more than 20 different flagellar 

proteins were released into solution (see Sec VII  

A 2 and Fig. 21), in contrast, when membranes 

were detached from STEEP + calcium flagella by 

the STEEP minus calcium rinse procedure, only 

a few proteins were solubilized (see Sec VII  A 

2 and Fig 23). 

The matrix fractions were prepared for electro- 

phoresis after removal of unsolubihzed portions of 

the flagella by centrifugation at 105,000 g (Spmco 

50-Ti rotor, 40,000 rpm) for 45 min. Only the top 

two thirds of the supernatant from this centrifuga- 

tion were collected to avoid contaminating the 

matrix fraction with the pelleted material 

(V) Isolation of Mastigonemes 

Fine, threadlike projections called mastigo- 

nemes, flimmer, or fiagellar hairs extend laterally 

from the membranes of Chlamydomonas flagella 

(Fig. 6, and see Fig. 42 in Ringo, 1967 a) The 

masfigonemes remained attached to the flagella 

during flagellar isolation by either the sucrose-plK 

or STEEP + calcium methods. They could then 

be detached from the isolated flagella and purified 

by a modification of the procedure designed by 

Bouck (1971) for isolating mastigonemes from 

Ochromonas flagella 

Isolated Chlamydomonas flagella were suspended 

in 0.7% Sarkosyl in 10 in~ Tris at 4°C After 6-8 

hr the particulate material was sedimented by 

centrifugation at 105,000 g (Spinco 50-Ti rotor, 

40,000 rpm) for 45 min The pellet was then re- 

suspended in 3-5 ml of 2.80 M CsC1 in 10 rnM Tris 

This suspension was centrifuged at 124,000 g 

(Spinco SW 50L, 39,000 rpm) for 24 hr The 

mastigonemes formed a sharp white band in the 

center of the gradient; this band was removed 

with a Pasteur pipette or was collected by punc- 

turing the bottom of the tube The CsC1 was re- 

moved by dialyzing the mastigoneme fraction 

against I0 m• Tris, or by diluting the fraction 

with an equal volume of tris buffer and then sedi- 

menting the mastigonemes by centrifngation at 

105,000 g (Spinco 50 Ti rotor, 40,000 rpm) for 45 

FIOnRE 6 Electron micrograph of whole flagella in 
situ showing lateral attachment of mastigonemes, c, 
cell body. Whole cells were fixed in OsO¢ vapor and 
shadowed with 80% platinum --20% palladium. X 
!~4,600. 

min. Preparations of mastigonemes obtained in 

this manner were free of membrane or axoneme 

contaminants as determined by electron micro- 

scope (Fig 7) and electrophoretic criteria (see 

Sees VI I I  A 5 and VII I  B 4). 

The mastigonemes could also be isolated by a 

more rapid procedure utilizing Nonidet P-40 

As noted above (Section II A 2), treatment of 

flagella with this nonionm detergent solubihzed 

most of the membranes and released the mastigo- 

nemes into solution When the suspension of 

solubilized membrane proteins, mastigonemes, 

and axonemes was layered over 40 % sucrose and 

centrifuged at 16,000 g for 1 hr, the axonemes were 

sedimented to the bottom of the tube, while most 

of the mastigonemes were retained at the interface 

between the two layers. The interface and upper 

layer could then be collected, pooled, and centri- 

fuged at 105,000 g (Spineo 50-Ti rotor, 40,000 

rpm) for 45 min to yield a pellet of mastigonemes 

When purified Chlamydomonas mastigonemes 

were negatively stained with phosphotungstic acid 

(PTA) and observed by electron microscopy, they 
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~IGUEE 7 Electron mierograph of isolated mastigonemes negatively stained with PTA. Some of the 

mastigonemes have associated side by side to form small bundles. Each mastigoneme is about 0 9/z long, 

X 87,600. 



appeared as filaments ca. 0 9/~ long composed of 

a single row of subunits (Fig. 8) The subunits 

were each approximately 160 A wide by 200 A 

long, and were aligned end to end along their long 

axes. When  the mastigonemes were concentrated, 

they tended to associate laterally into bundles 

exhibiting disunct cross-striations with a periodic- 

ity of about 200 A (Fig 9). 

(VI )  Fractionation of Flagellar Microtubules 

As described above, the flagellar membranes 

could be detached from isolated flagella by various 

procedures and the intact or solubllized membrane 

material  separated from the axonemes by differen- 

tial or  isopycnic centrifugation. In  both cases, the 

axonemes were sedimented to the bottom of the 

tube. 

In  order to establish the sequence of solubiliza- 

fion of the outer doublet micTotubules of the 

axonemes in the results which follow, it was neces- 

sary to be able to distinguish the A tubule from the 

B tubule at various stages of the solubilization 

procedure and, moreover, to be able to tell which 

were the outer and inner portions of each tubule. 

This could be done because in cross-sections of 

intact outer doublets the A tubule is easily recog- 

nizable by its round shape, while the B tubule is in 

the form of a slightly-flattened "C" attached to 

the A tubule. In  addition, the outer doublets are 

on an angle with the B tubule canted outward and, 

as described below, certain of the B tubules have a 

spike projecting into their lumens (Fig. 3, insert). 

The inner and outer portions of the A and B 

tubules could be differentiated even after solubili- 

zation had progressed to the point where only 

parts of the A tubule remained because the normal 

circular arrangement  of the partially-solubilized 

outer doublets tended to be maintained This 

maintenance of the circular arrangement of the 

outer doublets during their solubilization was par- 

ticularly evident when the axonemes were isolated 

by the STEEP  + calcium procedure, (ef Fig. 15) 

but  less so when the outer doublets were isolated by 

the sucrose-pH method where they tended to lose 

their relationship with one another soon after the 

B tubules became solubilized (cf Fig. 11). 

(A) Aer~ARANCE OF ISOLATED A X O ~ E S  

Axonemes obtained by the STEEP  minus cal- 

c ium rinse procedure (Sec I I  A 1) are shown in 

Fig. l0 Some membrane  was still present. A_xo- 

nemes obtained by rinsing the flagella in STEEP 

containing Nonidet P-40 (Sec I I  A 2) were similar 

in appearance except that little or no membrane 

was evident. The  9 -k 2 microtubular structure 

was completely intact in most axonemes, although 

occasionally portions of one of the central tubules 

and the outer portions of some of the B tubules 

were solubilized. These axonemes retained the 

radial links, the arms on the A tubule of the outer 

doublets (dynein), and the peripheral links be- 

tween the A and B tubules of adjacent outer 

doublets (see insets, Fig. l 0). Because of the high 

degree of integrity of the axonemes obtained by 

these procedures, they provided favorable starting 

material for the stepwise fractionation of the 

axonemal mlcrotubules. 

Axonemes obtained by treatment of isolated 

STEEP + calcium or sucrose-pH flagella with 

0 1% Sarkosyl appeared similar to those described 

above except that in a greater proportion of the 

axonemes one of the central tubules and the outer 

portions of some of the B tubules were solubilized. 

Dialysis of sucrose-pH flagella against T E M  

(See. I I B  2) disrupted most of the axonemes; the 

resulting preparations contained primarily sepa- 

rate outer doublets or outer doublets held together 

in loose groups of two to nine (Fig. 11). The  central 

tubules, the arms on the A tubule of the outer 

doublets, the radial links, and most of the periph- 

eral links were solubilized. In  many of the outer 

doublets, the outer portion of the B tubule was 

also solubilized 

(B) FRACT1ONATION OF AXONEMES BY 

TREATMENT WITH SARKOSYL 

The microtubules of isolated axonemes could be 

sequentially solubilized by treatment with increas- 

ing concentrations of the detergent Sarkosyl. In 

the following procedures, the Sarkosyl was dis- 

solved in 10 mM Tris, and all treatments with the 

detergent were carried out at 2--4°C for approxi- 

mately 1 hr, unless stated otherwise. 

(1) GENTE.AL TUBULES: Treatment  of in- 

tact axonemes, such as those shown in Fig 10, 

with 0.1-0.15% Sarkosyl resulted in the removal 

of one of the two central tubules; in some experi- 

ments, preparations were obtained which con- 

tained primarily "9  + 1" axonemes (Fig. 12). In 

such preparations, there were a few axonemes 

which still contained both central tubules and a 

few with both removed; in some axonemes the 
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:FIGURES 8 and 9 Isolated mastigonemes negatively stained with PTA. N 101,000. Fig. 87 Each mas- 

tlgoneme appears to be composed of a single row of subunits (bars) having a center-to-center spacing 
of ca. ~00 A. Fig. 9, In higher concentrations the mastigonemes become aligned laterally into bundles 

exhibiting distinct cross striations having a periodicity of ca. ~00 A (bars). 
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FIGURE 10 Electron mierograph of axonemes isolated by the STEEP minus calcium rinse procedure. 

In most cases the nine outer doublet mierotubules and two central tubules are present and intact. X 

33,000. Insets: In some isolated axonemes the lumen of one of the central tubules (large arrowheads) 

contains electron-opaque material. X 114,000. A, In some axonemes, thin rodlike links (arrows) connect 

the A tubule of one outer doublet to the B tubule of an adjacent outer doublet. B, The B tubules of 

many isolated axonemes retain their intratubular projections (arrows). 



FIOtrl~E 11 Outer doublets isolated by the TEM dmlysls procedure. The central tubules, matrix, and 

most of the mte~icro tubular  connecting structures such as the radml and peripheral links have been 

solubilized. In many outer doublets a portion of the B tubule has also been solubihzed. X 74,000. 

outer  port ions of the B tubule  of the outer  doublets 

were also solubilized The  occurrence of axonemes 

wi th  only one central  tubule  in these prepara t ions  

was m u c h  more f requent  t han  would be expected 

from r a n d o m  solubfllzation of the two centra l  

tubules Thts observation clearly indicated tha t  

the two central tubules d~.~e~ed ~ thez~ solub~lit)' p~oper- 

t~es and that one was p~efe~ent~al[y solubzhzed. I t  has 

been shown tha t  one of the central  tubules of 

Chla.~'domonas has two longi tudmal  rows of short  

" a r m s "  and  tha t  the other  central  tubule  has only 

one row of : ' a rms"  (Hopkins, 1970) Electron 

micrographs  of 9 + 1 axonemes indicated tha t  the 

central  tubule  having two rows of arms was the one 

whmh remained  after de tergent  t rea tment .  

"~%~hen prepara t ions  of in tac t  axonemes were 

placed in 0 1 5 % - 0 . 2 0 %  Sarkosyl, bo th  of the 

central  tubules were removed in most  axonemes 

and  the p reparauons  conta ined pr imar i ly  outer  

doublet  tubules. 

(2)  O U T E R  D O U B L E T  T U B U L E S :  I t  was not  

possible to remove bo th  of the central  tubules from 

a prepara t ion  of 9 -I- 2 or 9 q- 1 axonemes wi thout  

also removing some of the outer  por t ion of the B 

tubule f rom m a n v  of the outer  doublets Therefore,  

to obta in  a p repara t ion  of outer  doublets wzth hltle 

o~ no B lubule breakdown, the flagella of the paralyzed 

m u t a n t  pf-18 were used These 9 q- 0 flagella lack 

the two central  tubules and  instead contain  un-  

s t ructured mater ia l  m the center  of the axoneme 

(Fig 13 a) The  flagella of the m u t a n t  cells were 

isolated by the same procedure  described for iso- 

lat ing flagella from wild-type cells "When the 

membranes  were removed from pf-18 flagella 

isolated by the S T E E P  -4- calcium method  (see 

Sec I I  A), the mat r ix  arid uns t ruc tured  mater ia l  

m the center of the axoneme were solubilized and  

a p repara t ion  of near ly- in tac t  outer  doublet  micro-  

tubules was obta ined (Fig 13) These preparat ions  

were used in m a n y  of the following studies on the 

selective solubilization of the protofl laments of the 

outer  doublet  microtubulcs  

W h e n  preparat ions  of in tac t  outer  doublet  

tubules obta ined from pf-18 flagella were t reated 

with 0 .15-0 20o70 SarkosyI, the first pa r t  of the 

doublet  to be solubilized was the outer  por t ion of 

the B tubule  (Fig 14). This was the same por t ion  

of the B tubule  which sometimes passed into solu- 

~'ITM~tN, CARLSON, BEt~LINER, AND ROSENB.:tUM Chlamydomonas Flagella. I 521 



I~OVRE 1~ Isolated axonemes treated with 0.1% Sarkosyl. In most axonemes one of the two central 
tubules has been removed. In some of the outer doublets the outer portion of the B tubule has also been 

solubillzed. )< 53,000. Inset: )< 11%000. 

tion during membrane  removal and /o r  solublliza- 

tion of the two central tubules of wild-type (21-gr) 

flagella by dialysis or Sarkosyl treatment (see 

Sec. II) .  

When  intact outer doublet tubules were treated 

with 0 2-0 4% Sarkosyl, almost all of the B tubule 

was removed, leaving preparations which con- 

tained primarily A tubules (FN 15). 

Trea tment  of outer doublet microtubules with 

0 5-0 6% Sarkosyl selectively removed the B 

tubule and the outer portion of the A tubule. 

When examined by negative-staining procedures 

the protofilaments of each partially solub~hzed A tubule 

were observed to be separatzng along their lengths into one 

group of three protofilaments and several groups of two 

protofilaments (Fig. 16). Individual groups of two 

protofilaments ("double"  protofilaments) ap- 

peared to be splitting away from the group of three 

protofilaments, but  they were rarely observed com- 

pletely separated from the group of three This ob- 

servation suggested that the double protofilaments 

were rapidly solubilized after they became de- 

tached from the group of three protofilaments. 

In  contrast, the unique group of three protofita- 

ments was relatively resistant to solubilization by 

Sarkosyl 5 When the outer doublets were treated 

with 0.7 % Sarkosyl, all the double protofilaments 

were solubilized, while the three eonuguous proto- 

filaments persisted, even after t reatment for 16 hr 

(Fig 17). Such preparatzons consisted entirely of groups 

of three protofilaments, there were no groups of two or four 

Analysis of the progressive solubflization of outer 

doublet tubules by both thin-secuomng and nega- 

tive-staining procedures indicated that these three 

protofilaments were the ones which formed the 

wall or "part iUon" between the lumens of the A 

and B tubules of the outer doublets. Fig. 18 shows 

5 We thauk Dr. L. Rebhuu for initially bringing this 
group of insoluble protofilaments to our attention. 
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FIGURE 1S 9 + 0 axonemes isolated from flagella of the  paralyzed m u t a n t  pf-18 by the  S T E E P  minus  

calcium rinse procedm'e. X 5S,000. Insets: A, In s~tu whole flagellum of m u t a n t  pfqS.  The  two central 

tubules  are replaced by  an  apparen%ly structureless core (arrow). X 84,000. B~ Isolated 9 -~ 0 axonemes 

also have  the  peripheral links between the  outer  doublets and  the  beaklikc projections which extend from 

the wall of the  B tubule  into the  lumen  of tha t  tubule (arrows). X 1~8,000. 
c~ FIGURE 14 Isolated 9 + 0 axonemes t reated with 0.15 v Sarko~yl. I n  most  axonemes the  outer  portions 

of the  B tubules  have  been solubilized (arrows, tnset) while tile A tubules  remain intact .  X &~,000. 

In~et: X 116~000. 



FIou~E 15 A tubules obtained from isolated 9 + 0 axonemes by treatment with 0.8% Sarkosyl. In  

most outer doublets the B tubule has been almost completely solnbilized, while the A tubule stilI remains 

relatively intact. X 74#00. 

several outer  doublets which have been part ial ly 

solubilized at  one end The  part i t ions between the 

lumens  of the  A and  B tubules are visible as elec- 

t ron t rans lucent  stripes (bars, Fig 18) runn ing  

longi tudinal ly  down the centers of the outer  

doublets.  Each  of these stripes is bordered by two 

darker  stripes which  are the stain-filled lumens of 

the  A and  B tubules. A t  the  ends of the outer  

doublets all of the protofi laments of the A and  B 

tubules have been solubilized wi th  the exception 

of the protofi laments compmsing the par t i t ion 

(arrows, Fig 18) Some of these part i t ions can be 

observed to conta in  three protofl laments These 

observations, in addi t ion to others made  on thin-  

sectioned material ,  establish the ident i ty  of the 

Sarkosyl-insoluble group of three protofi laments 

wi th  the par t i t ion  between the lumens of tile A 

and  B tubules of the outer  doublets 6 

Al though  the selective solubihzat ion of the 

These observations support the model preferred by 

Ringo (1967 b, Fig. 2 h) for subunit  arrangment in 

the outer doublets of Chlamydomonas flagella In this 

model, three protofilaments form the partition be- 

tween the lumens of the A and B tubules. 

a_xonemal microtubules described above was car- 

ried out  by t reat ing intact 9 + 2 or 9 + 0 axonemes 

wi th  Sarkosyl, a prepara t ion  of axonemes could be 

t reated successwdy with increasing concentrat ions 

of the detergent  to obtain,  for example, A tubules, 

from which a prepara t ion  of the three par t i t ion  

protofi laments could then be obta ined  However,  

successive solubilizations carried out  on the same 

prepara t ion  were sometimes difficult to control  

and  the preparat ions  were less uniform Therefore,  

for most  studies, it was more practical  to t reat  the 

intact  9 + 2 or 9 + 0 axonemes with the concen- 

t ra t ion of detergent  known to give the required 

degree of solubilizatlon 

(C) FRACTION-tTION OF AXONEMES BY I-IE~tT 

TREATMENT 

Stephens (1970 a) has described methods which 

utilize br ief  heat  t reatments  at  tempera tures  of 

about  40°C for the selective solubihzat ion of outer 

doublet  mlcrotubules of sea urchin  sperm flagella 

Similar procedures could also be used to selectively 

solubilize some of the microtubules of Chlamydo- 
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F m ~ E  16 Electron micrograph of A tubules partially solubilized with 0.6% Sarkosyl and negatively 

stained with PTA. The individual protofilaments of the mmrotubules are readily apparent; each micro- 
tubule contains one group of three pretofilaments (asterisks) and several groups of two protofilaments 
(arrows). The groups of protofilaments have separated along their lengths. (The groupings become 

more apparent when the micrograph is tilted so that the viewer sights along the length of the tubule.) 

X 105,000. 

monas axonemes. For example, if intact 9 q- 2 

axonemes isolated by the STEEP minus calcium 

rinse procedure were resuspended in 3.0 m~  

3,{gSOa, 10 m~ Tris (pH 7 1 at 46°C), and agitated 

for 5-6 rain at 46°C, one of the two central tubules 

was preferentially removed from 50-75% of the 

axonemes When outer doublet tubules isolated 

from sucrose-pH flagella by the T E M  procedure 

were suspended in 10 m~ Tris (pH 7 2 at 48°C) 

and agitated for 6 rain at 48°C, most of the B 

tubules were solubilized, leaving preparations 

containing A tubules 

The  complete sequence of solubilizatlon of the 

microtubules of 9 q- 2 and 9 + 0 axonemes by 

Sarkosyl and heat treatments is summarized dia- 

grammatically in Fig 19 

( V I I )  Ult,rastructural Observations 

(A) I~V~aT.BT:LaR ST~CT~a~S 

A beaklike projection extending from the wall 

of the B tubule into the lumen of that tubule was 

observed in three of the nine outer doublets in 

many cross-sections of whole flagella (Fig 3, inset) 

and of isolated 9 q- 2 (Fig. 10 b) and 9 q- 0 (Fig 

13 b) axonemes of wild-type and mutant  cells. 

Analysis of many hundreds of cross-sections of iso- 

lated 9 + 2 axonemes indicated that (a) these 

structures almost always occurred in two adjacent 

B tubules on one side of the axoneme and in one 

B tubule on the opposite side of the axoneme, and 

(b) this constant 2: t positioning was variable with 

respect to the plane of the two central tubules 

(see Discussion) 

(B) PERIPHERAL LINKS 

Peripheral links between adjacent outer doublets 

were observed in cross-sections of isolated 9 -t- 2 

(Fig 10 a) and 9 + 0 (Fig I3 b) axonemes of 

wild-type and mutant  Chlamvdomona~. Each hnk 

appeared as a straight, rodhke structure extending 

from the wall of an A tubule to tire wall of the 

adjacent B tubule, where the link terminated in a 
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Fxom~. 17 Electron micrograph of negatively stained partition protofilaments remaining after treating 
isolated outer doublets with 0,7~ Sarkosyl for 16 hr. Each partition contains three protofilaments. 
)< 116,000. 



FIGURE 18 Electron mierograph of partially solubil- 
ized outer doublet mierotubules. In  each outer doublet 
the partition between the dark, stain-filled lumens of 
the A and B tubules appears as a white stripe (bars) In  
the lower part of the micrograph, most portions of the 
outer doublets have been solubilized with the exception 
of the partitions (arrows), some of which appear to 
contain three protofdaments. (These features are more 
apparent when the micrograph is tilted so that the 
viewer sights along the arrows.) X 1S5,000. 

slight thickening of the B tubule wall These lmks 

are 180-190 A long 

( V I I I )  Electrophoretic Analysis of the 

FlageIlar Components 

(A) UREA AC:RYLAMIDE GELS 

The protein composition and purity of the 

various flagellar fractions were determined by 

quanti tat ive urea acrylamide gel electrophoresls 

(see Materials and Methods) By determmlng 

which peaks on densitometric scans of the acryia- 

mlde gels were enrmhed as a certain component  

was purified (as determmed by electron micro- 

scope observations), specific proteins could be 

assigned to certain flagellar structures. In  addition, 

bv comparmg the areas of the appropriate regions 

of the densitometric scans of the gels, the relative 

purity of the various fractions could be determined 

(1) WHOLE FLAGELLA: When  the proteins 

of unfractionated 9 -k 2 flagella were separated on 

urea acrylamide gels, the pattern shown in the gel 

(fast green stain) and corresponding densitometric 

scan in Fig. 20 was obtained. The two prominent  

peaks represented the two microtubule proteins 

(the evidence for the microtubule nature  of these 

proteins is presented below) The microtubule 

protein in gels such as these represented ca 40% 

of the total protein in the gel In  addition, a num-  

ber of minor protein bands were observed m these 

gels, these were particularly apparent  when the 

gels were stained with the more sensitive Coo- 

massie blue rather than with fast green (Fig 22) 

U (2 )MATgIX '  Matrix fractions obtained by 

dialyzing sucrose-pH flagella against T E M  were 

greatly enriched for some of the minor  proteins 

Fig. 21 shows a fast green-stained gel of a typical 

matrix fraction, representing ca 35-40% of the 

total flagellar protein Gels of this fraction con- 

tained many prominent  bands which corresponded 

to relatively minor bands in fast green-stained gels 

of whole flagella Some of these bands probably 

represented the proteins of such extramicrotubular 

structures of the axonemes as the radial and pe- 

ripheral links, since these structures were preferen- 

tialIy solubiIized by dialysis of sucrose-pH flagella 

against T E M ,  other bands were probably from 

the proteins constituting the amorphous flagellar 

matrix, which was also solubilized by the T E M  

fractionation procedure Together, these "minor"  

proteins comprised more than 80% of the total 
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prote in  in a geI of the mat r ix  fraction. The  micro- 

tubu la r  proteins comprised only about  15-18% of 

the  protein ,  their  presence was p robab ly  due to the 

solubil ization of most  of the  central  tubules and  a 

small  amoun t  of the B tubule  dur ing  the T E M  

dialysis procedure.  

Comparison of gels of the axoneme mad matr ix  

fractions obta ined by rinsing flagella in S T E E P  

9+0 MUTANT 9+2 WILD TYPE 

o g 
FLAGELLAR 8 o o  & 
MEMBRANES ~ q)@ 

+ 
MASTIGONEMES 

00%,~ OOCO~ 

e~c~o \ e)~G 

~O/UTSIDE 

( ~  "" ". .- * 
:.~> -~> . . - . . -  

FISURE 19 Illustration of the sequence of solubilization of microtubules from 9 -~ 0 flagella of mutant  

cells and from 9 + ~ flagella of wild-type cells. Removal of membranes from 9 + 0 flagella resulted in 

pl~parations of intact outer doublets; removal of membranes from 9 -~ ~ flagella left 9 -{- ~ axonemes 
containing nine outer doublets and two central tubules. When 9 -~ ~ axonemes were treated with in- 

creasing concentrations of Sarkosyl, one of the central tubules was removed; then the remaining central 

tubule was so]ubilized, often along with the outer portion of some of the B tubules. Intact  outer doublets 

from either 9 -F 0 or 9 + ~ axonemes were then solubilized in the following sequence by treatment with 

increasing concentrations of Sarkosyl: the outer portion of the B tubule; the remaining portions of the B 

tubule; the outer portion of the A tubule; the remainder of the A tubule with the exception of the three 
partition protofilaments, 
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Fmtrass 30 and ~1 Fast green-stained urea aerylamide gels with their corresponding densitometrie 
tracings. Fig. e0, Whole flagella. Fig. 31, Matrix from T E N  dialysis of sucrose-pH flagella. 
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Fmu~E 2~ Whole flagellar (WF) proteins separated 
on urea aerylamide gels and stained with Coomassie 

blue. 
I~GURE ~3 Fast green-stained m.ea acrylamide gels of 
intact 9 -t- e axonemes (AX) and matrix (MX) obtained 
by the STEEP minus calcium rinse procedure. 

minus calcium indicated that relatively few of the 

matrix proteins were solubdized when the flagellar 

membranes were removed by this procedure 

Those that  were removed (Fig 23, _SIX) probably 

represented proteins of the amorphous, densely- 

staining matrix since this appeared to be the only 

material solubilized by this rinse procedure, those 

proteins that remained with the axonemal fraction 

(Fig. 23, AX)  probably represented the proteins of 

the links, arms, and other extramicrotubular 

axonemal structures since these parts could still be 

observed in the axonemes prepared by this rinse 

procedure (See Fig. 10) 

(3) OUTER D O U B L E T  MIGROTUBULES:  The 

proteins of outer doublet microtubules (Figs 11 

and 13), obtained from either 9 + 2 or 9 + 0 

flagella, separated into two major bands when 

analyzed by urea acrylamide gel electrophoresis 

(Fig. 24) These proteins had the same relative 

mobilities as the two major proteins observed in 

the electrophoretic patterns of whole flagella (Fig 

20). Since 80-90% of the total protein in gels of 

purified outer doublets was contained in these 

bands, the outer doublets must be composed 

primarily of these two proteins. Fast green staining 

showed that the two microtubule proteins were 

present in approximately equal quantities in the 

outer doublets. 

As shown in Fig 25, these two microtubule 

proteins could be separated even further by in- 

creasing the time of electrophoresis This separa- 

tion facilitated the removal of each microtubule 

protein from the gels for use in biochemical analy- 

ses described elsewhere (Olmsted et a l ,  1971, 

Carlson, Witman,  and Rosenbaum, in prepara- 

tion) 
(4) CENTRAL /vIICROTUBULES. As noted 

above, the two microtubule proteins constituted 

ca 15-18% of the total protein in gels of the 

matrix fraction obtained by dialysis of 9 + 2 

flagella against TEM. Since this fractionation pro- 

cedure solubilized the central tubules while leaving 

the outer doublets relatively intact (see Sec V I I  

A), the presence of tile two mlcrotubule proteins in 

the matrix fraction suggested that the central 

microtubules were composed of the same two 

proteins as the outer doublet mlcrotubules To 

substantiate this, the protein composition of intact 

9 + 2 axonemes (Fig 10) obtained from flagella 

of wild-type cells by the STEEP minus calcium 

rinse procedure was compared to that of 9 + 0 

axonemes (Fig. 13) obtained from flagella of 

mutan t  cells by the same procedure The 9 + 2 

and 9 + 0 axonemes were found to contain the two 

microtubule proteins zn the same ratzos when 

analyzed by quantitative urea acrylamide gel 

electrophoresis (Fig 26) This result vemfied that 

both of the microtubule proteins were contained in 

the two central tubules If the two central tubules 

had been made up of only one of the proteins, the 

ratio of the proteins in 9 q- 2 axonemes having the 

two central tubules would have differed by ap- 

proximately 20% from the ratio in 9 + 0 axonemes 

lacking the two central tubules. 

The only difference consistently observed be- 

tween the preparations was one minor band pres- 

ent in gels of 9 + 2 axonemes but  not in gels of 

9 + 0 axonemes. This band, which contained 

about 8-10% as much protein as the combined 

mlcrotubule protein bands, probably represented 

the proteins of an extramicrotubular structure 

present only in the 9 + 2 axonemes (see Dis- 

cussion). 
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I~IGURE ~-~ :Past green-stained urea acrylamide gel, 
doublets obtained by the TEM dialysis procedure. 

(5) MASTICONEM~S. When punfied mastigo- 

heroes were analyzed by electrophoresis on urea 

acrylamlde gels (Fig 27, MG), only one band was 

observed, indmating that the mastigonemes con- 

tained a single polypeptide This band, which 

corresponded to one of the minor bands observed 

in gels of whole flagella (Fig 27, WF), was also 

revealed by the periodic acid-Schiff (PAS) staining 

procedure, which is specific for carbohydrates The 

protein may therefore contain eovalently-bound 

carbohydrate. The mastigoneme fraction was free 

of matrix and axoneme proteins 

(6) MEMBRANES'  ~¥hen purified flagellar 

membranes (prepared for electrophoresls bv the 

same procedures used for the other flagellar frac- 

tions) were analyzed Oil 7.5% urea acrvlamlde 

gels, no protein bands were observed in the gels 

Since microtubule, matrix, and mastigoneme 

proteins would have entered the gels under these 

conditions, the membrane fraction (Fig 5) was 

apparently free of these nonmembrane contami- 

nants 

(B) SDS-UREA _A_CI%YLAMIDE GELS 

Whole flagella, axonemes, membranes, and 

mastigonemes were also analyzed on SDS-urea 

and corresponding densitometric tracing, of outer 

acrylamide gels (Laemmli, 1970) The hot SDS 

treatment used to prepare proteins for this pro- 

cedure has been shown to solubllize membrane 

(Lenard, 1970) and other structural proteins 

(Maizel, 1969) which resist dissociation by many 

other procedures (including 8 M urea treatment. 

cf Dickson et al, 1970). This treatment therefore 

insured that most, if not all, of the flagellar proteins 

were solubihzed. In addiuon, the high resolution, 

discontinuous gel system used here has been shown 

to separate proteins on the basis of size, thus per- 

mitting estimations of the molecular weights of the 

various proteins (Olmsted et al., 1971) 

(1) W H O L E  F L A G E L L A "  When analyzed by 

electrophoresis on SDS-urea gels, the proteins of 

whole flagella separated into three major bands 

and a large number of minor bands (Fig 28, IKF) 
The three maior bands and certain of the minor 

bands were identified with particular flagellar 

structures by comparing the gels of whole flagella 

with those of the various flagellar components. As 

with the urea gels, such comparisons also provided 

an indication of the degree of purity which had 

been achieved in each fraction 

(2) AXONEM~S: "~Vhen isolated 9 + 2 axo- 
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Fmu2E 25 Proteins of outer doublet microtubules 
separated on urea aerylamide gels by electrophoresis at 
3 me/gel fox- $ hr and 6 hr. Fast green stain. 

nemes (Fig. I0) were analyzed by electrophoresis 

on SDS-urea gels (Fig. 28, AX), most of the protein 

in the gel migrated as two closely moving bands 

having the same relative mobilities as two of the 

three major bands observed in gels of whole 

flagella These two bands represented the two 

proteins of the flagellar microtubules, since no 

other structures were present in sufficient quantity 

in the axoneme fraction to account for them. 

Comparison of the relative mobilities of these 

proteins with those of standards of known molecu- 

lar weights indicated that the microtubule proteins 

had molecular weights of 53,000 and 56,000 

daltons (Olmsted et al., 1971) SDS-urea gels of 

9 + 2 axonemes also contained a large number of 

minor bands, which probably represented the 

proteins of extramicrotubular structures (see Sec 
VII I  A 2). 

(3) MEMBRANES: Isolated membranes dis- 

sociated with hot SDS contained one major pro- 

tein when analyzed by electrophoresis in SDS-urea 

gels (Fig 28, MB). This protein migrated with the 

same relative mobihty as the slowest moving of the 

three major bands observed in gels of whole 

flagellar proteins (Fig. 28, WF). A very small 

amount of the membrane protein routinely co- 

migrated with the tracking dye The almost com- 

plete absence of microtubule and mastigoneme 

protein bands indicated that the membrane 

fraction was relatively free of these flagellar 

structures 

(4) ]VtASTIGONEMES: A single band was ob- 

served when isolated mastigonemes were analyzed 

on SDS-urea gels (Fig. 28, 2¢IG), confirming that 

mastigonemes contained only one protein, and 

that the preparations of purified mastigonemes 

were free of membrane, axoneme, and matrix 

proteins. Comparisons of the relative mobdity of 

this protein (which is probably complexed with 

carbohydrate, see above Sec. VII I  A 5) with those 

of standards of known molecular weights indicated 

that the mastigoneme subunit had a molecular 

weight of approximately 170,000 daltons. 

(C) SV~ARY oF ELECT~OP~OR~.Tm RESULTS 

The flagella were found to contain two micro- 

tubule proteins, which composed both the outer 

doublet and central microtubules, and a large 

number of minor proteins, many of which prob- 

ably made up extramicrotubular structures such 

as the peripheral and radial links of the axoneme. 

Most of these minor proteins were selectively 

obtained in the matrix fraction The membrane 

fraction contained one major protein band in 

SDS-urea gels, and was relatively free of micro- 

tubule, matrix, and mastigoneme components. 

The mastigoneme fraction was found to contain 

only a single glycoprotein 

D I S C U S S I O N  

In this report, methods have been described for 

the i~olation of ChIamydomonas flagella, for their 

fractionation into membrane, mastigoneme, 

matrix, and microtubule components, and for the 

subfractionafion of the outer doublet microtubules 

Each fraction has been studied by electron micros- 

copy and by electrophoresis on two different 

acrylamide gel systems. 

Fractionation of FlageUar Axonemes 

When the axonemes were treated with increas- 

ing concentrations of the detergent Sarkosyl, the 

532 TH~ JOURNAL OF Cmlm BIOLOGy , ¥OLUMZ 54, 197~ 



® 

9+2 AXONEMES ~. 

9 + O  

FmVRE ~6 Densitometrie tracings of fast green-strained urea aerylamide gels of 9 + ~ axonemes from 

flagella of wlld-ts'pe cells and 9 + 0 axonemes from flagella of mutant cells The twomicrotubule proteins 

(large peaks) are present in the same relative amounts in 9 + ~ axonemes as in 9 + 0 axonemes. One minor 

peak (dashed line) is present in 9 + ~t axonemes but not in 9 + 0 axonemes. 

microtubules were solublhzed in the following 

order:  one of the two central  tubules,  the remain-  

ing central  tubule  and  the outer  parts  of the B 

tubules,  most of the remain ing  portions of the B 

tubules,  the outer  poruons of the A tubules,  the 

remain ing  (tuner) portions of the A tubules wi th  

the exception of the three protofi laments which  

form the par t i t ion  between the A and  B tubules 

This  sequence of solubilization could be defined 

because one could dist inguish the A tubule  f rom 

the B tubule  as well as the inner  and  outer  porUons 

of the tubules This  was possible because the outer  

doublets tended to remain  in their  normal  circular 

association dur ing the  solubilization procedures 

In  STEEP + calcium-isolated axonemes, for 

example,  almost all of the B tubules could be re- 

moved while the A tubules stili r emained  in a 

circle (Fig. 15) This  permi t ted  one to observe the 

sequence of solubihzat ion of the A tubule  start ing 

from the outer  portions, unt i l  only the three par-  

t i t lon protofi laments remained.  In  many  cases, a t  

stages before ob ta imng the three remain ing  proto-  

filaments, the part i t ions could be observed to be 

a t tached to one or two of the innermost  protofila- 

merits of bo th  the A and  B tubules (Fig 19) 

These observations, along with those on nega-  

t ively-stained prepara t ions  (Fig 18) therefore 

enabled  the unequivocal  locahzauon  of the three 

remain ing  protofi laments as those forming the 

par t i t ion  between the A and  B tubules. 

T h e  differential solubilities of the axonemal  

microtubules  might  have been due to (a) the 

different positions of the mlcrotubules  in the 

axoneme, (b) the presence of various extramicro-  

tubu la r  structures a t tached  to the different 

tubules, or (c) biochemical  differences between the 

subuni t  proteins of the tubules 

T h e  relative locauons of the various micro- 

tubules within the axoneme could account  for a 

few of the observed differences in solubility For  
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~I(IURE ~7 Whole flagella (WF) and isolated masti- 

goneme (MG) proteins stained with fast green after 

electrophoresis in urea aerylamide gels. (Both gels con- 

tained 5% aerylamide; the two mierotubule protein 

bands do not separate as well in these 5% gels as in 

7.5% aerylamide gels.) 

example,  the h igh  stability of the inner  wall 

relat ive to the outer  wall of ei ther  the A or B 

tubule  migh t  have  been due to the relative pota- 

tions of these wails wi th in  the  axoneme,  if por-  

tions of mlcrotubules nearer  to the per iphery of 

the  axoneme were more  susceptible to detergent  

t r ea tmen t  t han  those portions closer to the center  

of the axoneme However,  such positional effects 

could not  explain why one of the two central  

tubules was solubilized almost  simultaneously 

wi th  the outer  wall  of the B tubule,  or why one of 

the central  tubules was solubilized before the 

other,  even though  the two tubules occupied the 

same re lanve positions in the axoneme 

R o t h  et a l ,  (1970) have hypothesized tha t  the 

b inding of in te rmicro tubula r  s t ructural  elements 

to micro tubule  subunits  migh t  stabilize tha t  por- 

F I o u ~ 8  Whole flagella (WF), axoneme (AX), 
mastigoneme (MG), and membrane (MB) proteins after 

electrophoresis on SDS-urea aerylamide gels. The mem- 

brane (rob), mastigoneme (rag), and microtubule (mtl 

and rote) protein bands in the whole flagella gel are 

marked. (MG is a 5% acrylamide gel; the others are 

7.5% acrylamide gels.) 

t ion and  neighboring parts  of the microtubule.  

Some of the differences observed in microtubule  

solubility might  be a t t r ibuted  to such effects 

For  example, Hopkins (1970) has shown tha t  in 

Chlamydomonas flagella one of the two central  

tubules appears to have two rows of arms while the 

other  has only one. I t  was observed in the present  

study t ha t  the central  tubule  having  two arms was 

the  more stable of the two central  tubules Also, 

the A tubule  of the outer  doublet  has radial  and  

per ipheral  links and  two rows of arms (dynein) 

a t tached to it, the a t t achmen t  of these elements 

migh t  account  for the observed stabili ty of the A 

tubule  relative to the B tubule,  to which are at- 
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tached only peripheral links Furthermore,  m 

both the A and B tubules, most of the secondary 

structures are attached to that  half of the tubule 

nearest the central tubules, this portion of both the 

A and B tubules was more stable than the outer 

half of the tubule 

Most, if not all, of the observed differences in 

microtubule solubility might  therefore be ac- 

counted for by either differences in the relanve 

positions of the mlcrotubules within the axoneme 

or differences in their associations with various 

extramicrotubular  structures However, the possi- 

bility still remains that some of the solubility 

differences might  have been due to biochemical 

differences between the microtubules. 

Support for the hypothesis that  different micro- 

tubules and portions of the same microtubule may 

differ chemically has come from the studies of 

Behnke and Forer (1967) on the effects of tem- 

perature and pepsin on the solubilization and 

digestion of the mmrotubules of crane-fly sperma- 

rids and rat sperm tails They found that the cyto- 

plasmic microtubules, central mmrotubules, B 

tubules, and A tubules were affected differently by 

these treatments, and that some parts of the B 

tubule were more stable than other parts of that 

tubule The  sequence ofsolubihzatlon of the micro- 

tubular axoneme which they reconstructed from 

their studies (their Fig 1) has several similarities 

to the sequence of solubilization of isolated flagellar 

microtubules described in this report (cf Fig 19) 

The}" concluded that the different types of mmro- 

tubules had "qntrinsic physical a n d / o r  chemical 

differences" and that  portions of the B tubule wall 

adjacent to the A tubule were compositionalty 

different from the remaining portions 

Similarly, Kiefer (1970), studying the in vivo 

degeneration of sperm in a stenIe mutant  of 

Dtos@hila, found that the A and B tubules differed 

from each other and from the central tubules in 

their patterns of breakdown, and that portions of 

the walls of the A and B tubules were lost in a 

defimte sequence Kiefer hypothesized that the 

central tubules and the inner and outer walls of 

both the A and B tubules mav  be chemmally 

different. 

These studies suggest that there may indeed be 

biochemical differences between different types of 

microtubules and also between different regions of 

a single microtubule This possibility- is con- 

sidered in the following report, in which micro- 

tubule protein from isolated outer doublets, A 

tubules, solubilized B tubules, and parti t ion 

protofilaments is analyzed by electrophoresis. 

Elecfrophoretic Analysis of 

Axoneme Components 

OUTZR DOUBLETS' Renaud et a l ,  (1968) 

determined by acrylamide gel eleetrophoresis that  

the outer doublet microtubules of Tetrah)'mena 
cilia were composed of two major proteins The  

results reported here showed that the isolated 

outer doublet mmrotubules of Chlamydomonas 
flagella also separated into two major proteins 

when analyzed bv urea and SDS-urea acrylamide 

gel electrophorems, and that the proteins were 

present in approximately- equal amounts in intact 

outer doublets. The  two microtubule proteins 

have been separated, purified, and shown to have 

different molecular weights and amino acid 

contents (Olmsted et a l ,  1971, Carlson, ~Vitman, 

and Rosenbaum, in preparation) 

~i A T RI X When proteins of whole flagella or 

intact axonemes were analyzed bv urea or SDS- 

urea acrylamide gel electrophoresis, 15-20 minor 

proteins were observed. Since the flagella or 

axonemes were treated with 8 M urea and then re- 

duced and alkylated, most of these minor bands 

probably represented individual polypeptides 

rather than dimers or higher polymers of a few 

proteins Comparison of the electrophoreuc pat- 

terns of whole flagella with the patterns of intact 

9 -}- 2 axonemes, isolated outer doublets, and ma- 

trix fractions indicated that many of these minor 

bands represented structures such as the arms 

(dynein) of the outer doublets, the arms of the 

central tubules, the peripheral and radml hnks, 

and other nonmicrotubular elements of the flagel- 

lum (see Allen, 1968, Warner,  1970, Hopkins, 

1970 as well as Figs 10 a and 13 b in this report) 

Further  correlation of specific protein bands with 

specific structures should be possible by comparing 

the eleetrophoretic patterns of flagella of wild-type 

cells with those of mutants lacking various struc- 

tural components, or by molatmg the different 

structures and analyzing each by electrophorems, 

as was done in this study with the flagellar mmro- 

tubules, membranes, and mastigonemes 

CENTRAL TUBULES: That  the central micro- 

tubules contained the same two proteins as 

the outer doublets was suggested by the findings 

that (a) two proteins having the same relauve mo- 

bilines as the proteins of the outer doublets were 
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present in matrix fractions containing the solubi- 

lized proteins of the central tubules, and (b) these 

two proteins were present in the same farms m 

9 + 2 axonemes containing the two central tubules 

as in 9 -F 0 axonemes lacking the central pair 

Although one minor band was present in gels of 

9 + 2 axonemes and not in gels of 9 + 0 axonemes, 

it is very unlikely that this band could have repre- 

sented the proteins of the central tubules, since 

(a) it contained less than 10 % of the protein of the 

combined microtubule protein bands, while the 

central pair should contain nearly 13 % as much 

protein as the outer doublets, and (b) microtubule 

proteins from a number of different sources have 

all been shown to have similar electrophoretm mo- 

bilities (Olmsted et a l ,  1971) This band prob- 

ably represented the protein of the arms or sheath 

of the two central tubules, since these structures 

were present in 9 H- 2 axonemes but not in 9 -I- 0 

axonemes (cf Figs. 10 and 13). 

Membranes  

Preparations offlagellar membranes were nearly 

free of other flagellar components as judged by 

electron microscopy and acrylamide gel electro- 

phoresis They were also free of other types of cell 

membranes, since the flagella were isolated without 

rupturing the cell bodms These flageltar mem- 

brane fractions therefore provide excellent ma- 

terial for biochemical studies of a specific mem- 

brane type, for the investigation of cell membrane 

morphogenesis in conjunction with systems of re- 

generating flagella (Rosenbaum et al ,  1969), and 

for the study of the possible role of flagellar mem- 

branes in gamete recognition and agglutination 

(see Wiese, 1970 for review). 

When isolated membranes were analyzed by 

electrophoresis on SDS-urea acrylamide gels, one 

major protein band was observed This protein 

migrated well behind the 170,000 dalton mastigo- 

neme protein, indicating that it had a molecular 

weight considerably greater than 170,000 daltons 

(see following section). This flagellar membrane 

protein may be homologous to the protein of ca. 

200,000 daltons reported by Gwynne and Tanford 

(1970) to comprise a major portion of human 

erythrocyte membranes, or to those proteins of 

ca. 240,000 and 255,000 daltons shown by Lenard 

(1970) to comprise about one third of the total 

membrane protein of various mammalian erythro- 

cytes. 

A small amount of membrane protein migrated 

with the tracking dye, indicating that it had a very 

low molecular weight. This protein may represent 

a proteolytic breakdown product of the major 

membrane protein, although proteolysis should be 

minimal as the ceils are not ruptured during 

flagellar membrane isolation 

~ l  astigonemes 

The isolated mastigonemes of Chlamydomonas 

flagella were of uniform length and appeared to be 

composed of a single row of large subunits attached 

end to end The structure of these mastigonemes 

is therefore unique among those already described 

(see Bouck, 1972, Manton, 1965; and Pitelka and 

Schooley, 1955for reviews) However, themastigo- 

nemes of some other species of Chlorophyta, such 

as Chloroch~tridion tuberculata (Pe&monas tuberculata) 

(Manton and Parke, 1960) and especially Pedz- 

mouas minor (Ettl and Manton, 1964), are very 

similar in size to those of ChIamydomonas, and may 

be found to have a similar ultrastructure when 

examined more closely 

Electrophoretic analysis of isolated mastigo- 

nemes indicated that they contained a single 

glycoprotein having a molecular weight of ca 

170,000 daltons. However, this value should be 

accepted only tentatively, because Segrest et a l ,  

(1971) have reported that some glycoproteins do 

not migrate in SDS aerylamide gels at rates pro- 

portional to their true molecular weights The only 

previous biochemical study of isolated mastigo- 

nemes is that of Bouck (1971), who reported that 

the mastigoneme protein of the Chrysophyte 

Ochromonas migrated predominately as a single 

band in 8 M urea gels. 

The functions of the mastigonemes of Chlamydo- 

monas are not known, although it has been sug- 

gested that they may be involved in monlity by 

enlarging the effective surface area of the flagellum, 

thus increasing the efficiency of the flagellar stroke 

(Bouck, 1972, and see Pitelka, 1963) Recent find- 

ings (~itman, Bouck, and Rosenbaum, unpub- 

lished results) have indicated that the mastigo- 

nemes or mastigonemes together with the flagellar 

membranes are involved in the species-specific 

flagellar agglutination which occurs during mating 

of Chlamydomonas (see Wiese, 1970 for review). 

Further investigations designed to elucidate the 

possible role of the mastigonemes and/or the mem- 

branes in the fertilization process are in progress. 
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Other  I n t e r -  a n d  I n t r a m i c r o t u b u l a r  Str~tch~res 

INTRAMICROTUBULAR STRUCTURE:  In  

cross-sections of outer  doublet  m,crotubules,  a 

beaktLke project ion was often observed pro t rud ing  

f rom the wall  of the B tubule  into the lumen of tha t  

tubule.  These projections almost always occurred 

in one outer  doublet  on one side of an  axoneme and  

in the two outer doublets on the oppomte side of 

the axoneme. Reexamina t ion  of prevmusly pub-  

lished mmrographs  of Chlamydomona~ flagella 

(Ringo, 1967 a, Fig 33, and  Ringo,  1967 b, Figs 

7 and  9 , J a c o b s  and  McVi tue ,  1970, Figs 1 and  3) 

showed this s tructure to be consistently present  in 

the  same pa t te rn  as observed in the present  study, 

a l though  it had  not  been ment ioned  by any of these 

authors.  Since most  of the present  observations 

were m a d e  on isolated axonemes it  was not  possi- 

ble to determine the longi tudinal  disposition of 

these structures in the tubule,  or how the 2 :1  

pa t t e rn  migh t  vary  in relat ion to the two central  

tubules. Such features of this new structure  will 

have  to be de termined from observatmns of serml 

cross-secuons of flagella m sztu 

PERIPHERAL LIN~=S: A straight ,  rodlike l ink 

connect ing the A tubule  of one outer  doubIet  with  

the B tubule  of the adjacent  outer  doublet  has  

already been  described in Tetrahymena cilia m 

situ (Allen, 1968; Wil l iams and  Luft,  1968) and  in 

Chlamydomonas flagella ~n sztu (Ringo, 1967 a). In  

the present  study, similar per ipheral  links were ob- 

served very clearly in molated axonemes W h e t h e r  

these structures were confined to any pa rncu l a r  

regmn of the f lagellum could not  be de te rmined  

from observations on isoIated axonemes, bu t  the 

fact tha t  they could be clearly observed in only a 

few cross-sections of a popu lauon  of axonemes sug- 

gests tha t  this is the case Indeed,  Ringo (1967 a) 

observed per iphera l  hnks only in t ha t  proximal  por- 

t ion of the flagellum which was conta ined  within 

the collar of the cell wall These  pempheral  hnks 

are p robab ly  not  analogous to the links which  are 

said to connect  the A tubules of adjacent  outer  

doublets in Tetrahymena (Gibbons,  1965) and  other  

organisms, and  which  are repor ted to have been 

isolated from Ech inode rm flagella (Stephens, 

1970 b) 
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