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Binding of 21 S dynein ATPase isolated from Tetra-
hymena cilia to B subfibers of microtubule doublets
was used as a model system to study dynein-tubulin
interactions and their relationship to the microtubule-
based sliding filament mechanism. Binding of 21 S dy-
nein to both A and B microtubule subfibers is supported
by monovalent as well as divalent ions. Monovalent
cation chlorides support dynein binding to B subfibers
with the specificity Li > Na = K = Rb = Cs = choline.
The corresponding sodium or potassium halides follow
the order F > C1 > Br > 1. However, an optimal binding
concentration of 40 mm KCl supports only 55% of the
protein binding which takes place in 3 mm MgSO, and
does not stabilize dynein cross-bridges when whole
axonemes are fixed for electron microscopy. Divalent
metal ion chlorides (MgCl,, CaCl;, SrCl,, and BaCl,)
have nearly equivalent effects at a concentration of 6
mM; all support about 140% of the binding observed in
6 mm MgSO,. The binding data suggest negative coop-
erativity or the presence of more than one class of
dynein binding sites on the microtubule lattice. Low
concentrations of MgATP?" induce dissociation of dy-
nein bound to B subfibers in either 6 mm MgSO, or 40
mM KCl. ADP, P;, PP, and AMP-PCH.P are unable to
induce dynein dissociation, while AMP-PNHP and
ATP*" both cause dynein release from B subfiber sites.
The half-maximal sensitivities of the tubulin-dynein
complex to MgATP?>~, ATP*", and adenylyl-imidodi-
phosphate (AMP-PNP) are 1.3 X 1078 M, 3.6 x 1075 M,
and 4.7 X 10~* M respectively. Incubation of doublets or
21 S dynein in N-ethylmaleimide (NEM), which can
inhibit active sliding, has no effect on either association
of dynein with the B subfiber or on dissociation of the
resulting dynein-B subfiber complex by MgATP?",

The ATPase dynein plays a central role in ciliary motion
by coupling the energy released during ATP hydrolysis to
microtubule sliding. Dynein arms projecting from the A subfi-
ber of one doublet microtubule form transient cross-bridges
to the B subfiber of an adjacent doublet, and a conformational
change in the bridged arm is thought to transmit relative
sliding forces between the two doublet microtubules. Contin-
ued motion requires attachment of dynein to sites on the B
subfibers in a cycle (Okuno, 1980) similar to that proposed for
actin-myosin force generation in muscle fibers (Lymn and
Taylor, 1971).

Although the mechanism is unknown, dynein can be stabi-
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lized in a cross-bridged state by divalent cations such as Mg**
or Ca®** (Warner, 1978; Zanetti et al., 1979). Similarly, binding
of isolated dynein to A and B subfiber microtubules is pro-
moted by divalent cations (Mitchell and Warner, 1980; Tak-
ahashi and Tonomura, 1978; 1979). In contrast to in vitro
systems, properties of flagellar axonemes such as stiffness and
maintenance of an arrested wave form or rigor are thought to
result directly from stable dynein cross-bridges (Gibbons and
Gibbons, 1978; Okuno, 1980).

Conditions such as low concentrations of MgATP?~ which
relax flagellar rigor (Gibbons and Gibbons, 1974) also lower
the bending resistance (stiffness) of nonmotile axonemes
(Okuno, 1980} and decrease the bridging frequency of dynein
arms in situ (Warner, 1978). Even in the presence of vanadate,
an uncompetitive dynein ATPase inhibitor, MgATP*" will
relax rigor waves (Gibbons and Gibbons, 1978), lower axone-
mal bending resistance (Okuno, 1980), and cause fraying of
trypsin-treated axonemes (Sale and Gibbons, 1979). These
results suggest that MgATP?~ decreases interaction between
adjacent doublet microtubules under conditions which pre-
vent continuous dynein ATPase activity.

Protein-protein interactions between dynein and tubulin
have been examined directly by binding isolated dynein to
outer doublet microtubules and analyzing the resulting dy-
nein-microtubule complexes by negative contrast electron mi-
croscopy (Takahashi and Tonomura, 1978) and by protein
binding and ATPase activity measurements (Mitchell and
Warner, 1980). Tetrahymena dynein (Mitchell and Warner,
1980) and sea urchin 21 S dynein (Gibbons and Gibbons, 1976)
are able to rebind to extracted axonemes to restore microtu-
bule sliding. In a previous report (Mitchell and Warner, 1980),
we demonstrated that dynein will bind to B subfiber tubulin
sites under conditions qualitatively and quantitatively similar
to conditions that support cross-bridging of dynein arms in
sttu. In the present study, those results are extended to a
more detailed examination of the effects of monovalent and
divalent ions on dynein binding to both A and B subfiber
microtubules, as well as to an examination of the ability of
nonhydrolyzable dynein substrate analogs to dissociate dynein
bound to B subfiber sites.

MATERIALS AND METHODS

Chemicals—Vanadate-free Na,ATP, ADP, pyruvate kinase, phos-
phoenolpyruvate, and hexokinase were purchased from Sigma Chem-
ical Co. (St. Louis, MO). Adenylyl-imidodiphosphate (LL,AMP-
PNP),' adenylyl (8,y-methylene)-diphosphonate (LLAMP-PCP),
and P’,P°-d1(adenosine-5"-pentaphosphate (LisApsA) were purchased
from Boehringer Mannheim (Indianapolis, IN), and sodium vanadate
(Na;VO;-nH;0) was purchased from Fisher Scientific Co. (Pitts-
burgh, PA). All other chemicals were of the highest purity available.

' The abbreviations used are: AMP-PNP, adenylyl-imidodiphos-
phate; AMP-PCP, adenylyl (8,y-methylene)-diphosphonate; ApsA,
P’,P*-di(adenosine-5'-pentaphosphate; Hepes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; NEM, N-ethylmaleimide.
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Thin layer chromatography of AMP-PNP preparations on Polygram
PEI CEL 300 thin layer plates (Brinkmann, Westbury, NY) in 0.25
M LiCl and 1 N formic acid revealed a contaminant, estimated to be
<56% of total nucleotide, which migrated close to ADP and was
assumed to be AMP-PNH; (Penningroth et al.,, 1980). N-ethylmalei-
mide was prepared as a 10™°M stock solution just before use.

Cilia Isolation and Doublet Preparation—Methods for culturing
cells (Tetrahymena thermophilia, strain BIII), isolating cilia, and
preparing unextracted doublets have been previously described
(Mitchell and Warner, 1980). Throughout this paper, material desig-
nated as unextracted doublets consists of demembranated ciliary
axonemes that have disintegrated into outer doublet and central pair
microtubules by active microtubule sliding induced by MgATP*~
(Warner and Zanetti, 1980). Extracted doublets were prepared by
extracting dynein from the disintegrated axonemes as described be-
low.

Dynein Isolation—Axonemes were suspended in 0.5 m KCl, 5 mm
MgS0,, 0.1 mm EDTA, and 10 mm Hepes, pH 7.4, for 20 min at 0 °C
and centrifuged at 50,000 X g for 30 min. For preparation of extracted
doublets, centrifugation was reduced to 12,000 X g for 10 min so that
pelleted microtubules could be resuspended more easily. After dialysis
to remove KCl, the supernatant fraction containing dynein was con-
centrated on an Amicon PM30 ultrafiltration membrane (Amicon
Scientific Systems Division, Lexington, MA) and layered over a
gradient of 0-30% sucrose in 10 mM Hepes and 0.1 mm EDTA, pH
7.4. The gradient was centrifuged at 35,000 rpm for 15 h in a Beckman
SW 40 Ti rotor (Beckman Instruments Inc., Spinco Division, Palo
Alto, Ca.) and collected in 15-drop fractions from the bottom of the
tube. Fractions containing 21 S dynein were identified as previously
described (Mitchell and Warner, 1980), pooled, and dialyzed against
1 mm Hepes and 0.1 mm EDTA and concentrated to about 0.5 mg/ml
on the Amicon membrane.

The method of Martin and Ames (1961) was used to determine
approximate sedimentation values (S) for the dynein extract. L-Glu-
tamic dehydrogenase (26.6 S, bovine liver), thyroglobulin (19.3 S,
porcine), -galactosidase (15.9 S, Escherichia colt), catalase (11.3 S,
bovine liver), and a-amylase (4.6 S, Bacillus subtilis) were used as
sedimentation standards. Although the protein standards were the
highest purity available (Sigma Chemical Co., St. Louis, MO}, several
gave multiple peaks on the sucrose gradients. Therefore, all standards
were run individually and S values were verified by treating each
standard in turn as an unknown.

Dynein Binding Assays—Turbidimetric assays were performed as
previously described (Mitchell and Warner, 1980).

Binding of 21 S dynein to microtubules was measured by transfer-
ring preparations used in turbidimetric assays directly into 2-ml
cellulose nitrate tubes and centrifuging the samples at 32,000 X gave
for 15 min in a Beckman JA 21 rotor using Delrin adapters. A 0.2-ml
aliquot was removed from the supernatant solution for protein deter-
mination. Approximately 1% of the doublet protein did not sediment
and was subtracted from total supernatant protein measurements to
obtain the concentration of 21 S dynein remaining in the supernatant
after centrifugation. Protein concentration was measured by the
Coomassie blue dye binding method (Bradford, 1976) using bovine
serum albumin as standard. ATPase activity was assayed in 40 mM
Hepes, 6 mm MgSO,, and 0.1 mm EDTA, pH 7.4, by measuring the
rate of inorganic phosphate production as previously described
(Mitchell and Warner, 1980).

Concentrations of MgATP?™ and other nucleotide species in solu-
tion were calculated using association constants derived by using the
formulae reported by Phillips et al. (1966) for ionization of ATP and
for magnesium binding to ATP. For KATP?~ formation, an associa-
tion constant of 14 M~ was used (O’Sullivan and Perrin, 1964).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis—
The purity of sucrose density gradient fractions from crude KCI-
extracted supernatant was assessed by electrophoresis on discontin-
uous polyacrylamide gels in the presence of sodium dodecyl sulfate
according to the procedure of Laemmli (1970). General procedures
were as described in an earlier publication (Warner et al. 1977).

RESULTS

Characterization of Isolated 21 S Dynein—Although the
two dynein species from Tetrahymena cilia have been as-
signed sedimentation coefficients (sz0.) of 30 S and 14 S
{Gibbons and Rowe, 1965), there is no reason to expect such
a major physical difference between Tetrahymena dynein
arms and 21 S or 18 S dynein arms from sea urchin sperm or
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Chlamydomonas flagella (Gibbons and Fronk, 1979; Watan-
abe and Flavin, 1976). The method of Martin and Ames (1961)
was used to determine approximate S values for the two
dynein species from Tetrahymena cilia. Extraction of demem-
branated axonemes by 30-min exposure to 0.5 m KCl effi-
ciently removes both inner and outer rows of dynein arms
from Tetrahymena cilia. After dialysis to remove KCI, the
high salt dynein extract separates into two protein peaks
containing 21 S and 13 S dyneins and a third protein peak
containing 4.3 S tubulin but with a major leading shoulder at
7.6 S (Fig. 1). In three experiments where S values were
calculated against each of five protein standards, the 21 S
peak had a sedimentation range of 20.1-22.1 S (21.4 + 0.8 S)
and the 13 S peak had a range of 12.6-13.8 S (13.4 + 0.5 S).
We cannot account for the discrepancy between our 21 S
value and the 30 S value reported by Gibbons and Rowe
(1965), except to note that the early study was done under
salt conditions (0.1 m KCl) that can promote aggregation of
Tetrahymena dynein. Although we have used the 30 S and 14
S designations in previous papers, we now adopt the 21 S and
13 S values reported here.

Our dynein binding assays characteristically make use of
combined fractions 7-9 of the 21 S peak shown in Fig. 1.
Sodium dodecyl sulfate gel electrophoresis profiles of relevant
gradient fractions in Fig. 1 are shown in Fig. 2 and demonstrate
the homogeneity of proteins found in the 21 S peak relative to
protein distribution along the rest of the gradient. The nu-
merous protein bands associated with the 21 S and 13 S peaks
are characteristic of the dyneins in general (cf. Bell ef al. 1979;
Gibbons and Fronk, 1979). The number of polypeptides ac-
tually constituting a dynein arm has yet to be determined,
although as many as 10 dynein-related bands can be resolved
in the M, = 250,000-350,000 range.

Dynein Binding to B Subfiber Microtubules—Whole Tet-
rahymena axonemes were converted into doublet populations
by MgATP? -induced active sliding disintegration as previ-
ously characterized (Warner and Zanetti, 1980). Unextracted
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FiG. 1. Linear 0-30% sucrose density gradient profile of the
high salt dynein extract from Tetrahymena cilia. Gradients were
run in 10 mm Hepes and 0.1 mm EDTA, pH 7.4. Both protein (Azs0)
and Mg”*-activated ATPase (Aeeo) are illustrated. The protein sample
separates into peaks at 21.4 S and 13.4 S, both containing dyneins,
and a peak at 4.3 S containing tubulin but with a leading shoulder at
7.6 S. The sedimentation values are mean values from three calcula-
tions against each of five protein standards (26.6 S-4.6 S). Fractions
5, 8, 11, 15, 17, 23 and 25 correspond to the sodium dodecyl sulfate gel
electrophoresis profiles shown in Fig. 2.






