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\m the freshwater mussel Elliptio complanatus were examined after negative
tungstic acid. The doublet and central pair microtubules typically

;:_ o the grid supporting film so that the protofilaments making up the walil of each tubule
s a visible array. Thirteen protofilaments can be seen to form both the central pair
d subfibre A of each doublet, Subfibre B of the doublet consists of ro proto-
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1 both normal and thiourea-treated cross-sectioned cilia, subfibre A appears as a
ubule with a circular profile and 26 nm diameter. Subfibre B is an incomplete,
ed tubule that shares, as a common wall or partition, 4 or 5 protofilaments of
“he organization of the 3-5-nm thick protofilaments within the microtubules
the various doublet appendages is discussed.

L TRODUCTION

[gismuch as microtubules are the main structural component of several important
il organciles, they have elicited interest and controversy concerning both their
sructure and biochemistry. Early studies of negatively contrasted microtubules from
harvotic flagelia (André & Thiéry, 1963; Pease, 1963) demonstrated that the wall
+ mdividual tubules was made up of a number of linearly arrayed ‘protofilaments’.
seessse of the tendency of microtubules to collapse upon themselves when negatively
cmed, the number of protofilaments most often observed in single tubules was 4-6.
decasionally as many as 10 filaments were observed at the end of a broken and frayed
«wbule. The protofilaments were generally observed lying both straight and parallel to
e another in both intact and partially collapsed microtubules, suggesting that the
aronger intermolecular bonding was in the linear dimension and that a weaker, co-
steral bonding held adjacent filaments into the wall lattice. Each protofilament had a
suameter of about 4 nm and a repeating 4-nm period occurred along its axis (Grimstone
§ Rlug, 1966). The 4-nm repeat is thought to represent the globular and monomeric
iorm of microtubule protein of molecular weight ~ 60000 (Shelanski & Taylor, 1668}.
Subscquent observations of sectioned flagella have placed the number of proto-
flaments per microtubule nearer 12-14 for both central tubules and doublet subfibre
i, and 810 filaments for subfibre B (for review, see Arnott & BSmith, 196g).
Woreover, Phillips (1966) has shown that in the doublet microtubules, subfibre Aisa
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complete tubule, while i
e o Rin, V»h;i(,( subfibre B is an incomplete, C-shaped tubul
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are generally visible (Fig. 2). Subfibre A is always distinguishable from

nents -
dency to remain mntact or by the presence of the attached arms and

«mi!}ﬁ}m .

C L ibre BDYIES ten X .
T | links that arc sometimes visible.

m,.x‘.zl-" Gonally, and most often in the distal region of the cilium, the degradative action
{f“;)[\ cesults in the complete collapse of the axoneme microtubules and the
“ Mt‘- of all of their protofilaments into a visible array. Figs. 3-5 show different
"'wt‘“‘!niibuics in this condition and in each, the protofilaments making up the sub-
iwihhct-m be accurately counted. Fig. 4 shows 13 protofilaments in subfibre A, while
{Uwﬁ region of the micrograph subfibre B is incompletely spread and only 7
sible. Proceeding distally, however, subfibre B becomes completely
e tofilaments can be counted. The distance separating the 2 subfibres
ﬁ'vf.\-;mcicnt to preclude any confusion between A and B. In addition, both subfibres
t;c rraced back to intact regions where their identification was obvious, Fig. 4 shows
Lubfibre A comprises 13 protofilaments, although again, only 7 are visible in subfibre
hows 10 protofilaments in subfibre B, while subfibre A is intact.

5. Similarty, Fig. 58 ‘ | .
and 7 show 2 completely spread central microtubules and in each it is clear that

aments make up the tubule wall.

e protofilaments have an average diameter of about 3-5 nm and a minimum
entre-to-centre spacing of about 45 nm in all of the spread microtubules observed.
iy regions where microtubules have broken, the protofilaments appear to cur! and
formit 2 fountain-like array (Fig. 8) and some broken segments form nearly complete
rcles on the supporting filon. Curling of the protofilaments suggests that they are
o tension along the linear axis.

In summary, we have observed numerous cilia where the number of protofilaments
fyrming their microtubules can be counted. Thirteen protofilaments make up each
subfibres and central pair microtubules. Similarly, we have observed a maxi-
1o protofilaments in the B subfibre. Since electron-microscopic (Behnke &
Phillips, 1g66) and X-ray diffraction studies (Cohen, Harrison &
srephens, 1971) have set the number of protofilaments at 12 or 13 for single flagellar

he true number in typical cilia and flagelia.

wicrotubules, it seems likely that 13 st
It can be strictly stated, however, that we have seen only the minimum aumber of

protofifaments possible in Elliptio gill cilia. Exceptions do occur, as in the accessory
sierotubules of cricket sperm flagella, where 16 protofilaments appear to make up the
whule wall (Kaye, 1970). In addition, variation in pretofilament number may oceur
song the various kinds of cytoplasmic microtubules, although in several instances,
i2 or 13 filaments have been reported (Behnke & Zelander, 1966; Kiefer, Sakai,

Solaris & Mazia, 1966; Ledbetter & Porter, 1964).
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Protofilament organization within doublet microtubules

Knowledge of the number of protofilaments making up the ciliary doublet micro-
whules, along with detailed measurements taken from both normal and thiourea-
treated, cross-sectioned cilia (Figs. 9, 10}, enabled us to construct a model of protoe-
filament organization as it appears i1l the doublet microtubules. This model is shown
diagrammatically in Fig. 1, along with the pertinent measurements.
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Fig. 1. Schematic interpretation of the protofilament organization in the doublet
microtubules of Elliptio gill cilia, as viewed from base-to-tip. ‘The axoneme’s o-fold
radial symmetry is divided into nine 40° sectors delineated by the plane of the radial
links. T'wo possible A to B subfibre junction patterns are shown in the doublets,
Distinction between the two involves only 2 rotational shift of about 2'3 nm in suh.

fibre A. Measurements not indicated on the diagram are given in the text. Drawn
approximately to scale,

Subfibre A of the doublet typically has a circular outline or profile when viewed
cross-section but occasionally may appear laterally compressed. Subfibre B is decidedly
out-of-round and is foreshortened to the form of an approximate 60° ellipse (Fig, gJ
This is particularly clear in the thiourea-treated cilia (Fig. 10) where, even though the
axoneme symmetry has been disrupted, the dimensions and form of the doublet sub.
fibres remain as they appear in untreated cilia. Each doublet lies in a plane that is
8-10° to the tangent of the axoneme radius as drawn through the centre of subfibre A
which is about 80 nm from the axoneme axis (Figs. 1, g). It is this 8-10° double
skewing and the dynein arm attachment to subfibre A that impart the enantiormorphic
asymmetry to the axoneme profile and allow specific doublet numbering (Afzelius,
1959); although it should be noted that enantiomorphism is also an intrinsic property
of the individual doublet subfibres, independent of attached arms or links (Satir, 1972}
Consequently, knowing the number of protofilaments in the subfibres enables us t
number each filament reliably (Fig. 1) and the number assignment remains the same
regardless of the direction in which the axoneme is viewed. As used in Fig. 1, proto-
filament numbering in subfibre A is counterclockwise and in subfibre B it is clockwise
when the axoneme is viewed from base-to-tip. A tip~to-base view would reverse the
numbering ascension in each subfibre.

In Elliptio gill cilia, subfibre A has an outside diameter of about 26 nm and a wall
thickness of 6-6-5 nm. The latter is considerably greater than the 3'5-nm protofils-
ment diameter observed in negatively stained preparations, but this may be accounted
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sition of the electron-opagque stain on the tubule surfaces. This seems
ent in the thiourca-treated cilia (Fig. 10), where the protofilaments
relief in the tubule wall. The filaments have an approximate
s nm and a centre-to-centre spacing of about 45 nm. The tubule wall
sitive staining) shows considerable variation, apparently dependent upon
aount of stain that has accumulated on the protofilament surface. Support for

the a!}wrpremcion also comes from observations of insect sperm flagella, where the
je wall thickness may reach 85 nm yet the protofilaments are still approxi-
in diameter when nepatively stained (Warner, 1970). Moreover, in
(3 and some cytopiasmic microtubules, the 4-nm protofilaments often
_ tive relief (Kaye, 1970; Ledbetter & Porter, 1g64; Phillips, 1966;
;i;i} 00, 1967); 38 in our thiourea-t‘reated cilia. This suggests that, for unknown reasons,
e clectron-0paque stain sometimes does not'penetrate the protofilament but rather
gher StAINS material around the filament or simply accumulates on the filament sur-
fee. This interpretation may account for the great diversity of tubule wall thicknesses
reported (ca. 5-8-5 nm), whereas a fairly uniform protofilament dia-

Jat have been . ' | |
peter of 35745 0 has been consistently observed in negatively stained micro-

fles.
! 4 shown by Phillips (1966) and supported by morphogenetic evidence (Warner,

i h subfibre B is an incomplete, C-shaped microtubule that shares as a midwall
porhips 373 protofilaments of the A subfibre {Ringo, 1967). The A subfibre is always
en 3 a complete microtubule after subfibic B termination near the ciliary tip (Satir,
h8). The shared or partition protofilaments can be isolated by Sarkosyl solubtliza-
non of the doublet tubules, and in Chlamydomonas flagella they appear as intact
psof 3 protofilaments (Witman, 1970). Since it is apparent that a minimum of 10
ke up subfibre B in Elliptio, according to the filament numbering

Fig. 1, and morphological criteria given below, the B subfibre can
13, and 1 of subfibre A (notation
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It is not clear, however, if filaments B, ;5 bond individually to filaments
LY. respectively, or if By 5o cach bonds to 2 protofilaments (A3, and Ajoq1). Both
patterns of junction are shown in Fig. 1 and in either pattern, the distance separating
B, 1 remAins the same. All of the doublets that are clear in Figs. ¢ and 10 have a By 4
separation: in the range of 16~19 nm. These measurements are particularly reliable on
the thiourea-treated cilia, where the position of the protofilament axis can be pre-
dicted. Consequently, our observations favour a 4 or 5 protofilament partition model

lic completely free of the By 5 junctional

and indeed, 3 protofilaments can be seen to

sosition indicated in Fig. 10. It is also conceivable, based on our measurements of the

B, ,, separation, that B, 5 each bonds to A, 4, respectively, rather than the shared
the solution to this bonding pattern

honding pattern shown in Fig. 1 (left). However,
must await a more refined method of viewing the joining of the A and

ﬁcq
share &

Al 10,11,12,13, 1)

{1:t or 1:2)
B subfibres.

In Fig. 1 left (share
i.e. composed of 10 protofilaments and sharing nu
Ringo's (1967) idea that subfibre B should be co

d bonding) one could say that subfibres A and B are equivalent,
mbers 11, 12 and 13, in accord with

nsidered as, at least in principle, 2
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13-protofilament microtubuie. Our own morphological observations o,
monas flagella indicate that the geometrical and dimensional parameter
simifar to those in Elliptio. Therefore our model might suggest how 3 Protofy,,
can be isolated as the partition filaments in Chlamydomonas (Witman, 1970) &}% &
it remains to be seen whether these protofilaments are numbers 11, 12 "md’ " “ %
model predicts. 2E

In addition to the junctional pattern between the A and B subfibreg, the g
positions of the radial link and the dynein arms on subfibre A can be predictté%,,,
radial link lies in the sector plane (4¢°) and thus abuts A or Ay, depending )
A-B junctional pattern used (Fig. 1). Similarly, although with less accuraﬁ-‘
dynein arms project from either A, or Ag (outer arm) and A, or Ay {-“m;_‘; -
In the latter case, the inner arm appears to make contact, via the pefiDth;,
(Allen, 1967; Kiefer, 1970; Warner, 1972) with B, 5. Since so little is knowy »ﬁz«
either the linkages or arms, very little can be said of their respective attachmep,
except that, given their specific longitudinal periodicities (Hopkins, 1970; “ig
1g70), their attachment must be very specific both with respect to the individyg] i
filament involved and the longitudinal binding site along that protofilamens
specificity suggests that protein heterogeneity within the microtubule, and Pogss
within the protofilament, 1s to be expected.

Chigg,

S dry
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Fig. 2. PTA negatively stained cilium showing 7 doublet and 2 central (em) micro-
tubules. Subfibre A {4)of each doublet can be distinguished from subfibre B {B) by its
tendency to remain intact. Both the B subfibres and the central tubules are partially
collapsed, revealing their wall protofilaments, x 190 coo.
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F. D. Warner and P. Satir

Fig. 3. A completely spread doublet which clearly reveals the number of protofilaments
making up both subfibres. In the lower region of the micrograph, subfibre A consists of
13 protofilaments while only 7 are visible in subfibre B. Praceeding distally, subfibre B
becomes compietely spread and ro filaments are visible, x 200000,

Fig. 4. A spread doublet showing 13 protofilaments in subfibre A and only 7 in subfibre
B. x260000.

Fig. 5. A single doublet showing an intact A subfibre and 1o protofilaments in subfibre
B. x260000.
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Figs. 6, 7. Negatively stained central pair microtubules (o) that have spread s 70

13 protofilaments are visible in 2 of the tubules. x 270000,




Microtubule substructure

- oo Negatively stained doublet microtubules that have broken on the supporting
Fhe disrupted protofifaments curl inte a fountain-like array and some broken
sments form nearly complete circles (arrows). x 190000,

{cm) that have sprewd s ¢
wiles, % 2700006,
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10

Fig Cros ;
. 6. Cross-sectione .
numb?—;r ios i:i}ilgﬂn&d, ]ﬂteral-ff’r?ntal cilium viewed from ashe-to-tip. I
Fig - > 12 o’clock position and numbering proceeds clockwise
F1g. 10, Cross-sectione gt “y: - o
fixation. The Drototﬁ?:r;d i:m;ai cilium that has been treated with thiourea |
from cilium base-to-ti ents of the f‘jbu_le wall stand out in negative relicl. T
p. x 290000, The inset is an enlargement of the indicated

with subfibre B ¢ ~
the A-R s;ghgr:t,i}:e top. Three protofilaments appear to lie free (3 upper are”
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