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A B S T R A C T  

Quantitative ultrastructural analysis and quantitative gel electrophoresis of preparations of 
selectively soluhilized Chlamydomonas outer doublets indicated that tubulins 1 and 2 were 
present in both the A tubule and the B tubule, and that only tubulin 1 was present in the 
three protofilaments which form the wall ("partition") between the lumens of the A and B 
tubules. The data suggested that the remaining protofilaments of the outer doublet were 
grouped together in pairs containing the same type of tubulin, pairs containing tubulin 1 
alternating with pairs containing tubulin 2. These findings were used to construct models 
for the arrangement of the two tubulins in the outer doublet. Further analysis by isoelectric 
focusing resolved tubulins 1 and 2 into at least five bands. 

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

The fine structure of the outer doublet microtu- 
bules of cilia mad flagella has been the subject of 
numerous investigations (e g., Andrfi and Thi6ry, 
1963; Pease, 1963; Grimstone and Klug, 1966, 
Barton, 1969; Thomas, 1970). One of the most 
intensive of these was the study of the outer dou- 
blets of Chlamydomonas by Ringo (1967), who pro- 
posed a model for the number and arrangement 
of the protoflaments (or subunits as observed in 
cross-section) of the outer doublet microtubules. 
In this model the outer doublet contains a total of 
23 protofilaments, arranged as illustrated in Fig. 1 : 
The A tubule of the outer doublet contains I 3 pro- 
to filaments, three of which are located medially 
and form the "partition" between the lumens of 
the A and B tubules; the B tubule contains I0 pro- 
tofilaments. Each protofilament is made up of a 
single row of spherical subunits. These features of 
the outer doublet were determined by Ringo from 

(a) inspection of high-resolution electron micro- 
graphs of longitudinal and cross-sections of outer 
doublets; (b) Markham rotational reinforcement 
analysis of electron micrographs of cross-sections of 
outer doublets; (c) measurement of the diameter 
and center-to-center spacing of the protofilaments; 
and (d) comparison of actual electron micrographs 
of thin sections of outer doublets with a number of 
model confgurations for the arrangement of the 
protofilaments in the outer doublet. 

In the preceding report (Witman et el ,  1972) 
methods were described for the isolation and frac- 
tionation of the outer doublet microtubules of 
Chlamydomonas. Electrophoretic analyses of the iso- 
lated intact outer doublets indicated that they 
contained two microtubule proteins or "tubulins" 
(Mohri, 1968); these proteins (called tubulins 1 
and 2 here) have been separated and purified, and 
have been shown to have different amino acid con- 

540 THE JOURNAI, OF CELL BIOLOGY • VOLUME 34, 1972 • pages 540-555 



FIOUR~ I Diagram illustrating the arrangement of 
the subunits (protofllaments) in an outer doublet of 
Chtamydomonas as determined by Ringo (1967). 

tents and molecular weights (Olmsted et a l ,  I971, 
Carlson, Witman,  and Rosenbaum, in prepara- 
tion). In  the experiments described in this report, 
outer doublets in various stages of solubilization 
were analyzed by both quanti tat ive acrylamide gel 
electrophoresis and by quanti tat ion of electron 
micrographs to determine the distribution and 
arrangement  of the two tubulins relative to tile fine 
structure of the outer doublet as described by 
Ringo. The  results indicated that  (a) both tubulins 
were present in the A tubule and the B tubule, 
(b) only tubulin 1 was present in that  portion of 
the A tubule which forms the partit ion between 
the lumens of the A and B tubules, and (c) of sev- 
eral models which could be constructed for the 
arrangement  of the tubulins in the remainder  of 
the outer doublet, one in which pairs of protofila- 
ments containing only tubulin 1 alternated with 
pairs containing tubulin 2 fit the experimental  data  
quite well. 

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

Culture of Chlamydomonas and Isolation 
of Flagella 

The methods used for culturing and harvesting 
wild-type 21-gr ("9 -~ 2") and mutant pf-18 ("9 -5 
0") CMamydomonas and for detaching and isolating 
the flagella were described in the preceding report 
(Witman et al., I972). 

Fractionation of Flagella 

Preparations of intact outer doublets were ob- 
tained from "9 -~- 2" flagella of wild-type cells or 
from "9 -{- 0" flagella of mutant ceils by the pro- 
cedures previously described (Witman et al., 1972). 

Quantitative Electron Microscope Analys{s of 
Outer Doublets 

Pellets containing outer doublets or parts thereof 
were fixed, flat-embedded, and sectioned so that large 

numbers of cross-sections of outer doublets were ob- 
tained, all as described in the preceding report 
(Wltman et al., 1972) Considerable care was taken 
to section the complete axis of the pellet from top to 
bottom; in addition, a number of other regions of the 
pellet were also sectioned. Electron mlcrographs of 
the sections were taken at a sufficiently high magrdfi- 
cation to permit quantltating the number of subunits 
(i.e. protofilaments) which appeared in a cross-section 
of an outer doublet. This was done by projecting the 
electron microscope plates directly onto a screen and 
counting the subunits in the A and B tubule. As de- 
scribed in detail in the previous report (Witman et a l ,  
1972), the A tubules could be easily distinguished 
from the B tubules because of their shape and posi- 
tion, and the inner and outer portions of each tubule 
could be differentiated because the outer doublets 
tended to maintain their circular arrangement during 
solubilization. 

Quantitative Electrophoretic Analysis of 
Outer Doublets 

The outer doublet preparations were analyzed by 
electrophoresis in urea acrylamide gels as previously 
described (Witman et al., 1972). These gels were 
stained with fast green and then traced with a Joyee- 
Locbl microdensitometer (Gorovsky et al., 1970). The 
relative amounts of tubulins 1 and 2 in the prepara- 
tions were determined by integrating the appropriate 
peaks of the scan with a planimeter, or by cutting out 
the peaks and weighing them. For each preparation 
two or sometimes three gels were analyzed and the 
amount of protein in the tubulin 1 and 2 peaks agreed 
to an accuracy of -4-1%. In  the gel system used, fast 
green stains microtubule proteins in amounts up to 
150-200 #g/gel with no appreciable deviation from 
tinean W (Gorovsky et al., 1970); the micrograms of 
protein apphed to each gel were kept well below this 
amount. 

Determination of Protein Concentration 

Before electrophoresis, the concentration of pro- 
tein in each sample was determined by the pro- 
cedure of Lowry et al. (1951). 

R E S U L T S  

(I)  Distribution of Tubulins 1 and 2 in the 
Outer Doublet 

In  the preceding report  (Witman et al., I972) 
it was demonstrated by electrophoretic analysis 
that  the isolated outer doublets of Chlamydomonas 
flagella contained two tubulins. Ahhough  it had 
previously been reported by Stephens (1970) and 
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TABLt~ 1 

Quant*tatwe Analysis of Tubule and Tubulm Content of Outer Doublet Preparatzons 

Preparatmn 

t~iectrolx microscope analysis Electrophorettc analysis 

Per cent of total Per cent of total Per cent of total Per cent of total 
protofilaments protofilaments mtcrotubule macrotubule 

found in found m protein in protein m 
the B tubule the A tubule Tubuhn 1 Tubuhn 2 

Intact  outer doublets 40.9 59 1 50 50 
(see Fig. 2) 

A tubules (see Fig. 3) 5.8 94.2 54 46 
B tubules (solubitized) - -  - -  48 52 

Jacohs  and McVit t ie  (1970) that  one tubulin was 
contained solely in the A tubule and the other in 
the B tubule, analysis of preparations of isolated 
outer  doublets by quanti tat ion of electron micro- 
graphs and quanti tat ive gel electrophoresis indi- 
cated that  the two tubulins actually occurred to- 
gether in each tubule. For  example, in a typical 
preparat ion of outer doublets (Figs. 2A and 2B), 
in which 40.9 % of the protofilaments were in the 
B tubule and 59.1% were in the A tubule 1, the two 
tubulins were present in a 50 : 50 ratio, rather than 
in the 41:59 ratio expected if each tubule con- 
tained only a single tubulin (Table I, line 1). This 
result excluded the possibility that  one tubule was 
composed solely of tubulin 1 and the other of tu- 
bulin 2, and suggested that  both proteins were 
present in one or both tubules 

Direct  evidence that  the two tubulins occurred 
together in both  tubules was obtained by electro- 
phoretie analysis of preparations containing pre- 
dominant ly A tubules (Fig. 3A), prepared by 
treating isolated outer doublets with 0.3% Sar- 
kosyl. These preparations contained both tubulins 
in nearly equal  quantities (Fig. 3B). For example, 
in a preparat ion in which 94.2% of the protofila- 
merits were in A tubules and only 5.8% were in 

1 According to Ringo's model for the structure of the 
outer doublet of Chlamydomonas, 10 of the 23 proto- 
filaments of the outer doublet are located in the g 
tubule. Therefore, in an ideal preparation of com- 
pletely intact outer doublets, 10/23 X 100% = 43.5% 
of the protofilaments would be in the B tubule and 
56.5% would be in the A tubule. However, in actual 
preparations, a small portion of the B tnbule was al- 
ways missing from some of the outer doublets, while 
the A tubule remained almost completely intact. 
Therefore, the per cent of the total protofilarrtents in 
the B tubule was always slightly less than in the ideal 
preparation, and the per cent iu the A tubule was 
always slightly more. 

B tubules, 54% of the total miclotubule protein in 
the preparation was tubulin 1 and 46% was tu- 
bulin 2 (Table I, line 2). These results indicated 
that the A tubule of the outer doublet contained both tu- 
buhns I and 2. 

Furthermore,  the relative amounts of the two 
tubulins in preparations of A tubules were nearly 
the same as in preparations of intact outer doublets 
(compare lines 1 and 2 of Table  I). This observa- 
uon indicated that the B tubule also contained both tu- 
bulins. I f  the B tubule had contained only one 
tubulin, then preparations of A tubules would 
have contained much less of that  tubuhn than 
preparations of intact outer doublets. 

Electrophoretic analysis of the B tubule proteins 
solubilized during the preparation of A tubules 
also indicated that  the B tubule contained both 
tubulins 1 and 2 (Table I, line 3). 

In  summary, the above results indicated that  
both the A and B tubule of the outer doublet con- 
tained tubulins 1 and 2. 

( I I )  Arrangement  of  Tubu l ins  I and 2 in  the 

Outer Doublet 

To determine where in each tubule the two tu- 
bulins were located (i .e,  which tubulins were pres- 
ent  in each protofilament) preparations of partially 
solubilized outer doublets containing varying num- 
bers of the different protofilaments were analyzed 
by quanti tat ive gel electrophoresis The  partition 
(that portion of the A tubule which forms the wall 
between the lumens of the A and B tubules) could 
be obtained pure so that its tubulin composition 
could be determined directly by electrophoretic 
analysis. Determination of the tubulin composition 
of the other portions of the outer doublet, which 
could not be obtained in such purity, required ad- 
ditional data from detailed electron microscope 
analysis of preparations containing these portions 

542 T~E JOURNAL Or CELL BIOLOaY " VOLUME 54, 197~ 



FmvRs ~ Isolated intact outer doublets of Chlamydomonas flagella. Fig. ~2 a, electron micrograph. 
X 155,000. Fig. o, b, urea acrylamide gel and dcnsitome[ric tracing of outer doublet protein. 
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FIGUR~ 3 Isolated intact A tubules of Chlamydomonas outer doublets. Fig. 3 a, electron micrograph. 
)< 155~000. Fig. 3 b, urea acrylamide gel and densitometric tracing of A tubule protein. 
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(A) LOCALIZATION o~ TUBULINS IN THE 
PARTITION PROTOFILAMENTS 

Homogeneous preparations of partitions were 
obtained by treating isolated outer doublets with 
0.7% Sarkosyl Each parti t ion was comoosed of 
three protofilaments, there were no other proto- 
filaments in the preparations (see Fig. 17 in the 
preceding report, Wl tman  et a t ,  1972). Analysis 
of these preparations by urea acrylamide gel elec- 
trophoresis (Fig. 4) indicated that the three part~twn 
protofilaments contained only tubulin t 

This result revealed two important  features of 
outer doublet microtubule construction. (a) At  
least some individual protofilaments of the outer 
doublet were made up entirely of one tubulin; (b) 

FmURE 4 Fast green-stained urea aerylamide gels of 
isolated, outer doublets (OD), and of isolated partitions 
(P). The densely-stMning material at the origin of the 
(P) gel is due to the presence of membrane contamina- 
tion m this fraction. Membrane proteins do not migrate 
in the urea aerylamide gels. 

protofilaments containing the same tubulin were 
grouped together in the outer doublet. 

(B) LOCALIZATION OF T U B V L I N S  IN THE 

NONPARTITION I~ROTOFILAMENTS 

The localization of tubulin 1 in the three parti- 
tion protofilaments was straightforward because 
preparations of these protofilaments were free of 
all other protofilaments, the preparations also con- 
tained only one tubulin, so there was no ambiguity 
as to which protofilament contained which tubulin. 
I t  was more difficult to determine the tubuiin com- 
position of the other protofilaments of the outer 
doublet, because preparations of partially solu- 
bilized outer doublets containing these protofila- 
ments (a) were more heterogeneous than prepara-  
tions containing only partitions, (b) contained 
many more protofilaments to be taken into ac- 
count, mad (c) always contained both tubulins 

In  order to determine the tubulin composition 
of each nonpartl t ion protofilament, it was first 
necessary to determine by quanti tat ion of electron 
micrographs the relative amounts of the different 
protofilaments remaining in a preparation of par- 
tially solubilized outer doublets Each of the 23 
protofilaments (or subunits as viewed in cross- 
section) of the outer doublet was assigned a num- 
ber, as illustrated in Fig. 5. Then,  cross-sections of 
at least 500 outer doublets or parts thereof in a 
preparat ion of partially-solubilized outer doublets . 
were analyzed to determine whether protofilament 
1, 2, 3, . .  23 was still present. The  number  of 
subunits remaining in a partially-solubilized outer 
doublet could be determined to an accuracy of 
4-1/~ subunit. Quanti tat ion by this procedure is 
illustrated in Fig. 6 where the outer portions of the 
B tubules in two outer doublets have been solu- 
bfiized to different degrees Fig 7 indicates the 
number  of times that a given protofilament was 
observed at the different stages of solubilization. 

INSIDE 

OUTSIDE 

F m m ~  5 Diagram illustrating' the assignment of 
numbers to the 28 protofilaments of the outer doublet. 
The protofilameuts of the B tubule were numbered 
1-10, and those of the A tubule 11-~8. 
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l~-kGtraE 6 Partial solubilizatlon of the outer portions of the B tubules of two outer doublets. The num- 
bering of the protofilaments is shown below each doublet. The doublet on the left has one more subunit 
in the B tubule than the one on the right. X ~ 1,000,000. 

F rom this data, it was possible to calculate what 
per cent of the total microtubule protein in each 
preparaaon  was contributed by the various proto- 
filaments. For  example, in a preparation obtained 
by treatment of outer doublets with 0.3 % Sarkosyl, 
a total of 6108 protofilaments were still present in 
the 500 outer doublets assayed (Fig. 7 and Table  
II) .  In  these 500 outer doublets, protofilament 1, 
observed 104 times, made up 104/6108 X 100 % = 
1 7 % of the protofilaments observed, and conse- 
quently contributed 1.7 % of the total microtubule 
protein in the preparation (Table II)  In  this 
way, the per cents of the total microtubule protein 
contributed by each of the protofilaments in this 
preparat ion were calculated and are recorded in 
Table  II .  

F rom the per cent of the total microtubule pro- 
tein contributed by each protofilament in a prep- 
aration of pardally-solubilized outer doublets, it 
was possible to determine whether a particular 
hypothetical arrangement  of tubulins in the outer 
doublet would result in the same relative amounts 
of tubulin 1 and 2 as found in that preparation by 
acrylamide gel electrophoresis. For  each prepara- 
tion, the relative amounts of tubulins 1 and 2 pre- 
dicted from any hypothetical arrangement  could 
be determined by calculating what per cent of the 
total microtubule protein in that preparation 
would be contributed by those protofilaments pro- 

posed to contain tubulin I or tubulin 2. For 
example, in the arrangement diagrammed in Fig 
8, protofilaments 3, 4:, 7, 8 . 23 are proposed to 
contain tubulin 1, while protofilaments 1, 2, 5, 
6 . 20 contain tubulin 2 Quanti tat ive analysis 
of electron micrographs of preparations of par-  
tially-dissolved outer doublets resulting from treat- 
ment  with 0 3 % Sarkosyl indicated that  protofila- 
ments 3, 4, 7, 8 . . .  23 contributed 53 5 % of the 
total microtubule protein, while protofilaments I, 
2, 5, 6 . . 20 contributed 46.3% (see TaMe III) .  
Therefore, ff the tubulins were arranged as illus- 
trated in Fig. 8, 53.5% of the total microtubule 
protein in this preparation would be tubulin I and 
46 3 % would be tubulin 2. In this case, these pre- 
dicted values are in good agreement with the 
actual values of 54% for tubulin 1 and 46% for 
tubulin 2 determined by gel electrophoresis. 

For  several preparations of outer doublets in 
different stages of solubilization, similar calcula- 
tions were made for many possible arrangements 
of the tubulins. Four of these arrangements and 
their predicted values for the per cents of tnbulin 
1 in some representative preparations are given in 
Fig. 9, along with the actual per cent of tubulin 1 
found in each preparation by gel electrophoresis 
For  most preparations, the values predicted by 
arrangement A were in closest agreement  with the 
actual values. The  various feature8 of this arrange- 
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~mURE 7 The number of times each of the ~-8 protofilaments of the outer doublet was observed in 500 
outer doublets as assayed in preparations of nearly intact outer doublets, or of outer doublets partially 
solubilized by treatment with heat (46°C for ~.5 rain) or wlth 0.1%, 0.3%, or 0 6% Sarkosyl. The total 
number of protofilaments observed in the 500 outer doublets assayed in each preparation is also recorded. 
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TABLE II  

Per cent of Total Mierotubule Protein Contmbuted 
by Each Protofilament in a Pre]oaratwn Obtamed 

by Treatment with 0.3% Sarkosyl 

Protofilament 

Per cent of 
Number  of total micro- 

times each pro-  tubule protein 
tofilament was contributed 
observed in 500 by each 
outer doublets* protofilament 

1 104 1.7 
2 63 1.0 
3 11 0.2 
4 11 0.2 
5 19 0 3 
6 21 0 3 
7 25 0.4 
8 27 0 4 
9 35 0.6 

10 39 0 6 
II 436 7.1 
12 433 7.1 
13 432 7.1 
14 423 6.9 
15 422 6.9 
16 417 6.8 
17 418 6 8 
18 421 6.9 
19 423 6.9 
20 428 7.0 
21 500 8.2 
22 500 8.2 
23 500 8.2 

Tota l  protofilaments = 6108 99.8 
observed in 500 outer 
doublets 

* From Fig. 7. 

ment  and its relation to previous work are dis- 
cussed below. 

D I S C U S S I O N  

Distribution of  Tubulins I and 2 in the A and 

B Tubules of Outer Doublets 

Quant i ta t ive  electrophoretic and electron micro- 
scope analysis of preparations containing outer 
doublets, A tubules, or solubilized proteins of the 
B tubule, clearly indicated that two major micro- 
tubule proteins or tubulins were contained in both 
the A and B tubules of the outer doublets of Chlamy- 
domonas flagella. 

These results are contradictory to those of 
Stephens (1970), who reported that  the A tubule 

was composed of one protein ("A-tubulin") and 
the B tubule of another ("B-tubulin") in outer dou- 
blets of sea urchin sperm flagella. This disagree- 
ment  may arise in part  from the fact that  Stephens 
was unable to clearly resolve the two sea urchin 
tubulins with his gel electrophoresis system. More 
recently, when Stephens' "A- tubul in"  and 
"B-tubul in"  were analyzed by electrophoresis on 
SDS-urea acrylamide gels by Felt  et al (1971), 
each was found to contain two proteins, and the 
two proteins of "A-tubul in"  were shown to have 
electrophoretic mobilities identical to the two cor- 
responding proteins of "B-tubulin".  Furthermore,  
Meza  et al. (1971) have reported that when outer 
doublets of sperm flagella of another sea urchin 
were sequentially solubilized, two electrophoret- 
ically separable tubulins were observed in all frac- 
tions. These recent reports indicate that, as in 
Chlamydornonas flagella, two tubulins occur in both 
the A and B tubules of the outer doublets of sea 
urchin sperm flagella. 

The  findings presented here are also contra- 
dictory to those of Jacobs and McVit t ie  (1970), 
who concluded that  the subunits of the A tubules 
of the outer doublets of Chlamydomonas flagella con- 
sisted of one protein and those of the B tubule of a 
different protein. Examination of their data reveals 
that  they found both proteins in fractions enriched 
for the B tubule, a result similar to those reported 
in this paper. However,  they claim they observed 
only a single band when preparations of A tubules 
were analyzed by electrophoresis. The  reason for 
the discrepancy between this result and the find- 
ings reported here is not  dear ;  attempts to repro- 
duce their results using their fractionation tech- 
niques in this laboratory were unsuccessful. A 
possible source of the difference is the manner  in 
which Jacobs and McVit t ie  prepared proteins for 
electrophoresis: they did not  routinely alkylate the 
proteins after reduction; unprotected sulfhydryl 
groups are known to become oxidized during elec- 
trophoresis in 8 ~ urea, giving rise to artifacts 
(Smithies et al., 1966) Another possible explana- 
tion for their observation is that those preparations 
which supposedly contained A tubules and yielded 
a single band may have also contained large 
numbers of undetected partit ion protofllaments, 

which were shown in the present report  to be 

composed of only tubulin 1 (their "cx-polypep- 

t ide");  the presence of many of these protoflla- 

ments would result in the preparation being 

greatly enriched for that tubulin 
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TABLE I I I  

Protofilaments. Proposed Tubuhn Composition and Contributwn to the Total M*crotubule 
Protein in the 0.3% Sarkosyl Preparatwn 

]Per cent of total microtuhule protean 
contributed by each protofilament 

Per cent of total mlcrotubule Type of tubuhn which is proposed to contain '  
Proto- protein eonttubuted by each hypothesized to be m each 

filament protofilament (from Table I I )  protofilament (see Fig 8) Tubuhn  1 Tubuhn  2 

1 1 7  2 - -  1 7  
2 1 0  2 - -  1 0  
3 0 2 1 0.2 - -  
4 0 2  1 0.2 - -  
5 0 3  2 - -  0.3 
6 0 3 2 - -  0.3 
7 0.4 1 0.4 - -  
8 0 4 1 0.4 - -  
9 0 6 2 - -  0.6 

10 0 6 2 - -  0.6 
11 7 1 2 - -  7.1 
12 7.1 2 - -  7.1 
13 7 1 1 7.1 - -  
14 6 9 1 6.9 - -  
15 6.9 2 - -  6.9 
16 6.8 2 - -  6.8 
17 6.8 1 6.8 - -  
18 6.9 1 6.9 - -  
19 6.9 2 - -  6.9 
20 7.0 2 - -  7.0 
21 8.2 1 8.2 - -  
22 8.2 1 8.2 - -  
23 8.2 1 8 2 - -  

99.8 53.5 46 3 

INSIDE 

@ OUTSIDE 
FmvaE 8 Diagram illustrating a hypothetical ar- 
rangement of tubulin 1 (white subunits) and ~ (black 
subunits) in the outer doublet. 

The  results reported in this paper  show the pres- 
ence of two electrophoretically similar tubuhns in both 
the A and B tubules and are, therefore, difficult to 
reconcile with results from Stephens'  laboratory 
showing that  the protein composing the A tubule 
has a significantly different pepfide map from the 
protein of the B tubule (Stephens, 1970). More-  
over, the differential solubilities of parts of the A 
and B tubules as described in the previous report  

(Witman et  a l ,  1972) and by others (Behnke and 
Forer, 1967), also suggests that  the A and  B tubules 
are not composed of the same two proteins. The  
results which indicate differences between the pro- 
teins of the A and B tubules (pepfide mapping,  
differential solubilities) and those which suggest 
similarities (electrophoresis) might  be explained if 
tubulins 1 and 2 actually represent  classes of tubu-  
lins, each being composed of two or more  proteins 
whose differences are not  great  enough to permi t  
their  separation on urea or SDS-urea acrylamide 
gels. T h a t  this is probably the case is shown later 
in this Discussion where results on the isoelectric 
focusing of tubulins 1 and 2 are presented. By use 
of this technique,  the t~vo tubulins can be separated 
into at least five bands, and the part i t ion proto-  
filaments which form par t  of the A tubule focus as 

only one of these bands. If  the bands observed on 

lsoelecmc focusing represent  separate polypept ide 

chains, then the presence of the part i t ion proto-  
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PREPARATION > 

ACTUAL PERCENT 
DETERMINED BY 
GEL ELECTROPHORESIS 
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SARKOSYL 
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4 8 . 5  

4 4 . 5  

57.5 
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55.5 

5 5 . 7  

62 .5  

9 3 . 3  

0.6  % 
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5 9 %  

58.5  

5 8 6  

67.5 

9 3 . 3  

Fm~J~ 9 Compalqson of the per cents of tubulin 1 actually contained in various preparations ~s deter- 
mined hy qtmntitative gel eleetrophoresis) with the per cents predmted (on the basis of quantitatian of 
electron mlerographs) if the tub~ins were arranged in the outer doublet as illustrated in the four models 
(A-D). 

filaments in the A tubuIe would be sufficient to 
confer differences on the pepfide maps of the A 
and B tubules On  the other hand, one must also 
consider the possibihty that  the differences in pep- 
tide maps between the A and B tubule protein as 
observed by Stephens (1970) were due to the pres- 
ence of extrammrotubular structures, e g radiaI 
links, which remained attached to the A tubule 
even after solubihzation of the B tubuIe (Witman, 
Kuczmarksi ,  and Rosenbaum, unpublished re- 
sults). 

Location of Tubulins 1 and 2 within ~he A 

and B Tubules 

Electrophoretic analysis of isolated partitions 
indicated that these three protofilaments contained 

only tubulin 1. The  tubulins contained in each of 
the other protofilaments could not  be identified 
with as much certainty Comparisons of the rela- 
tive amounts of the tubulins found in preparauons 
of pardally-dissolved outer doublets by quantita- 
tive electrophoretic analysis with the amount~ pre- 
dicted by various hypothetical arrangements 
indicated that  the most likely arrangement for the 
two tubulins in the outer doublet is the one shown 

in Fig 9 (A). However, this arrangement is onIy 

tentative, since other arrangements, such as that  

diagrammed in Fig 9 (B), resulted in almost as 

good an agreement between the real and predicted 

values. 

A three-dimensional model for the outer dou- 

blet based on the arrangement in Fig 9 (A) is illus- 
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Fiont~ 10 Model for the arrangement of tubulins 1 (white subunits) and ~ (black subunits) in the A 
tubule (right) and B tubule (left) of the outer doublet. 

trated in Fig. 10 In  this model, the A tubule is 
composed of 13 protofilaments and the B tubule of 
10 promfilaments, as indicated by the ultrastruc- 
tural analyses of Ringo (1967) 2 Alternate proto- 
filaments are half-staggered, based on data recently 
reported by Cohen et a l ,  (1971) from X-ray dif- 
fraction studies of the A tubule of sea urchin sperm 
flagella The  subunits proposed to contain either 
tubuhns 1 or 2 are represented b}- white or black 
bails, respectively. Each protofilament is com- 
posed entlrely of one type of tubulin, and prom- 
filaments containing the same type of tubulin are 
grouped together in pairs, except in the partition 
region, where three protofilaments containing tubu- 

Recently, Warner (unpublished results) has corro- 
borated Rmgo's analysis by observations on nega- 
ttvel~'-stamed outer doublets of clam gill cdla and has 
demonstrated 13 protofilaments in the A tubule and 
10 in the B tubule. 

Iin 1 are grouped together Other  evidence which 
suggests that each nonparnt ion protofilament is 
composed of one type of tubulin comes fi om studies 
in which very small percentages of the outer por- 
tion of the B tubule have been removed and the 
solubilized protein subjected to quant i tanve acryl- 
amlde gel electrophoresis For  example, if only 
3 - 4 %  of the outer pornon of the B tubule is re- 
moved (an amount  eqmvalent  to less than one 
protofilament), only tubulin 1 is observed on acrfl-  
amide gels 

Although this model was constructed solely on 
the basis of the quanntanve  electrophoretm and 

electron microscope analyses described above, it is 
in good agreement with independent  ultrastruc- 

tural observations on the associahon of the proto- 

filaments of the A tubule As noted in the preceding 

report partially-solubllized A tubules were ob- 

served to separate into one group of three proto- 
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filaments and several groups of two protofilaments 
(see Fig 16, Witman et al., 1972). These groups 
coincide with the group of three protofilaments in 
the partition region Which contain only tubulin 1 
and with the pairs of protofilaments in the remain- 
der of the A tubule which are proposed to contain 
alternately tubulin 1 or 2. This correspondence 
between the bioehemically distinct groups of pro- 
tofilaments in the model and the groups actually 
observed with the electron microscope provides 
indirect support for the model. Furthermore, this 
correspondence permits tentative conclusions to 
be drawn with regard to the relative strengths ot 
bonds between the same and different types of 
tubulins. The observation that the groups of two 
and three protofilaments detached from each other 
without separating into their individual protofila- 
ments during breakdown of the A tubule indicated 
that the lateral bonds connecting" individual proto- 
flaments within a group were "stronger" than the 
lateral bonds between groups of protofilaments. If 
the model Lis correct that protofilaments within a 
group contain the same tubulin while protofila- 
merits of alternate groups contain different tubu- 
lins, then these "strong" and "weak" bonds would 
correspond to bonds between like and unlike sub- 
units, respectively. 

Although outer doublet microtubules have a 
unique morphology because of the partition or 
shared middle wall, the more general features of a 
model for outer doublets should also be applicable 
to single microtubules Thus, if the arrangement 
diagrammed in Fig. 9 (A) is correct for outer dou- 
blets, one might expect that in a cytoplasmic 
microtubule having 12 protofilaments, 3 alternate 
pairs of protofilaments would contain the same 
type of tubulin (see Fig. 11), similar to the pro- 
posed arrangement for the nonpartition regions of 
the outer doublet Such an arrangement would 
give the microtubule a 3-fold radial symmetry and, 
as illustrated in Fig. 11, might account for the 
positioning of the links between the hexagonally 
arranged microtubules of Brooklynella (Lore and 
Corliss, 1971), Nassula (Tucker, 1968), Saeeinobacu- 
lus (Grimstone and Cleveland, 1965) and other 
organisms 4 

Roth (personal communication) has recently ob- 
tained definitive evidence that, in at least the helio- 
zoan Echinosphaerium, single microtubules are com- 
posed of 12 protofilaments. 
4 We thank Dr. Richard McIutosh for first suggesting 
this possibility. 

® 
lqkGm~ 11 Diagram illustrating how the two tubulins 
might be arranged in a single microtubule having 1~ 
protofilaments. Such an arrangement would give the 
mierotubule a 8-fold radial symmetry and, as indicated, 
might account for the positioning of the six intermiero- 
tubular links obsemred in some organisms. 

On the ether han~  there is evidence that some 
single microtubules contain 13 rather than 12 pro- 
tofilaments. The central tubules of most cilia and 
flagella appear to be among these (Ringo, 1967). 
In addition, Warner (unpublished results) has re- 
cently demonstrated the presence of 13 protofila- 
ments in the central tubules of gill cifa of the clam 
Eliptio by counting them in negatively-stained 
preparations. The "homofilament" model pre- 
sented for the outer doublets in this paper (each 
protofilament containing a single tubulin, Figs. 8, 
10, 1 I) can only be constructed when there are an 
even number of protofilaments. It  there are an odd 
number ofprotofilaments (i e. 13) the only type of 
tubule which can be constructed is one composed 
of "heterofilaments" (each protofilament being 
composed alternately of subunits containing tubu- 
lin 1 and tubulin 2) as has been discussed by Bryan 
and Wilson (1971). It would seem that the number 
of protofilaments composing microtubules can vary 
with a resulting variation in the arrangement of 
the tubulins in the protofilaments, Thus, in Ghlamy- 
domonas axonemes, the outer doublet microtubules 
may be composed of homofilaments (if the three 
similar partition protofilaments are excluded, there 
remain 20 protofilaments in the outer doublet, 10 
in the A tubule, and 10 in the B tubule) while the 
central mlcrotubules may be composed of hetero- 
filaments 

Microheterogeneity within Tubulins 1 and 2 

Microtubule protein isolated from several differ- 
ent sources by a variety of techniques occurs as a 
110,000 dalton tubulin dimer (cf Renaud et al ,  
1968; Shelanski and Taylor, 1968; Weisenbcrg et 
al., 1968). This dimer appears to be a necessary in- 
termediate unit in the assembly of protofilaments of 
microtubulesin vitro (Borisy, 1970). As noted above, 
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when outer doublets are treated with detergent, 
the A tubule breaks down into one group of three 
protofilaments and several groups of two proto- 
filaments Each group, if the model is correct, 
contains only a single type of tubulin; conse- 
quently, each dimer might be considered to con- 
tain only a single type of tubulin. 5 The outer 
doublet would then contain two types of homo- 
dimers--one composed of tubulin 1 subunits and 
one composed of tubulin 2 subunits. A heterodimer 
composed of one subunit each of tubulin 1 and 2 
would appear to be excluded, particularly for the 
partition region, where three adjacent protofila- 
merits contain only tubulin 1. 

Nevertheless, certain biochemical characteristics 
of nattve microtubule protein, such as the presence 
of 1 mole of exchangeable and 1 mole of tightly 
bound guanine nucleotide per mole of dlmer 
(Weisenberg et aI ,  1968), could be more easily 
explained if the dimer consisted of two different 
polypeptide chains If the dlmer does indeed con- 
tain two different protein subunits, then each 
group of protofilaments which apparently contains 
only tubuhn 1 may actually contain two d~fferent 
proteins which coelectrophorese on urea or SDS- 
urea gels as tubuIin i, and likewise each group 
which contains only tubulin 2 may actually con- 
tain two proteins which migrate together as tubulin 
2. The entire outer doublet would then contain at 
least four different proteins. 

To investigate this possibility, outer doublet pro- 
teins were analyzed by isoelectric focusing in poly- 
acrylamide gels containing 8 M urea (Dale and 
Lather, 1968; Fawcett, 1960; Wrigley, 1968). After 
reduction and alkylation, outer doublet proteins 
could be focused into five major bands (Fig. 12) 
Physical and chemical characterization (peptide 
analysis, amino acid sequencing, etc.) of the pro- 
tein in each band will be necessary to determine if 
these bands actually represent discrete polypeptide 
chains, or if the observed heterogeneity is caused 
by differences in carbohydrate or nucleotides 
which may be attached to one or both of the elec- 
trophoretically separable tubulins 1 and 2. Studies 
to be reported in detail elsewhere (Carlson, 
Witman, and Rosenbaum, in preparation) indicate 
that electrophoretically pure tubulin 1 and tubulin 

The alternative is that one subunit of a diraer is lo- 
cated in one group of protofilaments and the other 
subunit in the adjacent group, and the dimer is split 
apart when the groups separate. 

2 each contain two or three bands on isoelectric 
focusing. Furthermore, certain bands were found 
in higher concentrations when different fractions 
of the outer doublet were analyzed: for example, 
only one band was observed in preparations of 
partition protofilaments (Fig 13, P), and when the 
central tubules and outer portion of the B tubules 
were removed and analyzed, two of the five bands 
became more prominent (13, S). If further studies 
should demonstrate that outer doublets actually 
contain five different proteins, then this result 
would suggest that only one of these proteins makes 
up the unique partition protofilaments while the 
remaining four proteins form two different types 
of heterodimers which are contained in the remain- 
der of the A and B tubules 

The general features of such an outer doublet 
construction should also extend to other types of 
microtubules. Thus, single microtubules (such as 
neurotubules or the central microtubules of the 

flagellum) should contain four different proteins 
which form two types of heterodimers Recent 
studies on tubulins from immature mouse brain 

(Felt et al., 1971) and neuroblastoma ceils 
(Olmsted et aL, 1971; Carlson, ~¥itman, and 
Rosenbaum, in preparation) have shown that elec- 
trophoretically pure tubulin from either source 
separated into four different bands when analyzed 
by isoelectric focusing This data, therefore, sug- 
gests that single microtubules as well as outer dou- 
blet microtubules, may be constructed of two dif- 
ferent types of heterodimers 

SUMMARY 

The fndings reported here indicate that (a) two 
tubulins are present in both the A and B tubule of 
the outer doublets of Chlamydomonas, (b) only one 
of these tubulins is contained in the three protofil- 
aments which make up the partition or wall be- 
tween the lumens of the A and B tubule; (o) in the 
remainder of the outer doublet, protofilaments 
containing the same tubulin may be grouped to- 
gether in pairs, the pairs containing tubulin 1 
alternating with the pairs containing tubulin 2 
(see Fig. 9 [A]). 

Preliminary data from isoelectric focusing stud- 
ies suggests that tubulins 1 and 2 may represent two 
classes of tubulins, and that each class contains two 
to three different tubulins These tubulins might 
interact to form at least two different types of het- 
erodimers. 
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l~¢van 1~ Isoeleetrie focusing of reduced and alkyl- 
ated tubulius from intact outer doublets in polyacryl- 
amide gels containing 8 M urea. Five major bands (bars) 
were consistently observed when varying amounts of 

Portions of this work were submitted as partial ful- 
fillment of the requirements for the Ph.D. degree, 
Yale University (G. B Witman) This work was sup- 
ported by National Science Foundation predoctoral 
fellowship (35-45716) to G. B Wltman and United 
States Pubhc Health Servace grant GM-14642 to 
Joel L Rosenbaum. 
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A P P E N D I X  

NOMENCLATURE OF THE TUBULINS 

JOEL L. ROSENBAUM 

T h e  two tubulins  of the outer  doublet  microtubules  
of flagella were originally called tubuhns  A and  B 
because it was thought  tha t  one composed the A 
tubule  and  the other  the B tubule  (Stephens, 1970) 
This nomencla ture  h a d  m be discarded when  it  
was found t ha t  the A tubule  and  the B tubule  each 
conta ined  bo th  tubul ins  (Witman,  1970) I t  was 
suggested, therefore, tha t  the tubulins  be r en amed  
tubul ins  1 and  2 (Olmsted,  et  a l ,  1971). A t  the  
t ime this suggestion was made,  workers began to 
repor t  tha t  microtubules  f rom other  sources e g 
neurons  (Felt  et  al., 1971; Olmsted  et a l ,  1971, 
Bryan and  Wilson, 1971) an d  the mitot ic  appa-  
ratus  (Bibring and  Baxandatl ,  1971) also conta ined  
two tubuhns  and  terminologies such as ~, y, an d  
alpha, beta were used to denote  the t ubuhns  Since 
the two tubul ins  may represent  classes of tubulins  
(Wi tman  et al., this report)  we propose t ha t  the 
major  classes cont inue to be called tubul ins  1 and  2 
and  tha t  subclasses be called 1 a,~, and  2 o~,fl 
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