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Specific Anion Effects on ATPase Activity,
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of Dynein ATPases
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The basal ATPase activity of 30S dynein, whether obtained by extraction of ciliary
axonemes with a high (0.5 M NaCl) or low (1 mM Tris-0.1 mM EDTA) ionic
strength buffer is increased by NaCl, NaNOj, and Na acetate, with NaNO3
causing the largest increase. The calmodulin-activated ATPase activity of 30S
dynein is also increased by addition of NaCl, NaNOs, or Na acetate, but the
effects are less pronounced than on basal activity, so that the calmodulin activation
ratio (CAR) decreases to 1.0 as salt concentration increases to 0.2 M. These salts
also reduce the CAR of 14S dynein ATPase to 1.0 but by strongly inhibiting the
calmodulin-activated ATPase activity and only slightly inhibiting the basal activity.
Sodium fluoride differs both quantitatively and qualitatively from the other three
salts studied. It inhibits the ATPase activity of both 14S and 30S dyneins at
concentrations below 5 mM and, by a stronger inhibition of the calmodulin-
activated ATPase activities, reduces the CAR to 1.0. Na acetate does not inhibit
axonemal ATPase, nor does it interfere with the drop in turbidity caused by ATP
and extracts very little protein from the axonemes. NaCl and, especially, NaNOs,
cause a slow decrease in Ajsq of an axonemal suspension and an inhibition of the
turbidity response to ATP. NaF, at concentrations comparable to those that inhibit
the ATPase activities of the solubilized dyneins, also inhibits axonemal ATPase
activity and the turbidity response. Pretreatment of demembranated axonemes
with a buffer containing 0.25 M sodium acetate for 5 min followed by extraction
for 5 min with a buffer containing 0.5 M NaCl and resolution of the extracted
dynein on a sucrose density gradient generally yields a 30S dynein that is activated
by calmodulin in a heterogeneous manner, ie, the “light” 30S dynein ATPase
fractions are more activated than the “heavy” 30S dynein fractions. These results
demonstrate specific anion effects on the basal and calmodulin-activated dynein
ATPase activities, on the extractability of proteins from the axoneme, and on the
turbidity response of demembranated axonemes to ATP. They also provide a
method that frequently yields 30S dynein fractions with ATPase activities that are
activated over twofold by added calmodulin.
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Early studies on the enzymatic behavior of the 30S and 14S dynein ATPases
extracted from ciliary axonemes by a low ionic strength buffer showed that the
ATPase activity of 14S dynein decreased with increasing KCl concentration while that
of 30S dynein increased [1,2]. Similarly the ATPase activity of dynein 2 (125 dynein)

Received March 23, 1984; accepted June 8, 1984.

© 1984 Alan R. Liss, Inc.



198:JCB Blum and Hayes

from sea urchin sperm flagella decreased slightly as KCI concentration increased to
0.1 M [3], while that of the latent form of dynein 1 (21S dynein) was activated by
KCl and by NaCl [4,5]. Whereas no marked differences in response of the ATPase
activity of mixed dyneins extracted from cilia to activation by LiCl, NH,CI, or NaCl
as compared with KCl were observed [7], Gibbons et al [6] reported that sodium
acetate behaved differently than sodium chloride in its effect on the ATPase activity
of dynein 1 from sea urchin sperm flagella. The ATPase activity increased sharply
with increasing NaCl, but concentrations of sodium acetate up to 0.6 M had little
effect.

We have recently reported that brief extraction of Tetrahymena ciliary axonemes
with a buffer containing 0.5 M NaCl yields a 30S dynein that has a calmodulin
activation ratio (CAR) that is often greater than 1.6, and that much of the capacity to
be activated is retained when the 30S dynein is further purified by diethylaminoethyl
(DEAE)-Sephacel chromatography [8]. To examine the CAR of each fraction eluted
from the column, it became necessary to investigate the effect of NaCl on the
activatability of 30S dynein ATPase by calmodulin. We found that the ATPase activity
of 30S dynein increased with increasing NaCl (as expected) but that NaCl had less
effect on the ATPase activity in the presence of calmodulin. Thus, with increasing
NaCl, the CAR dropped to 1. NaCl also reduces the CAR of 14S dynein ATPase, but
for the opposite reason; ie, NaCl reduces the activity in the presence of calmodulin
but has little effect on the basal ATPase activity of the 14S dynein. We further show
that whereas sodium chloride, sodium nitrate, and sodium acetate have similar
qualitative effects on the ATPase activites of both 14S and 30S dyneins in the presence
and absence of added calmodulin, sodium fluoride is a strong inhibitor of the ATPase
activity of each dynein.

The finding that anions had specific effects not only on the ATPase activity of
the dyneins but on their sensitivity to added calmodulin prompted us to ascertain
whether specific anion effects could be demonstrated in intact axonemes. We report
here that acetate is a much weaker extractant of proteins and of ATPase activity than
chloride or nitrate, and that brief extraction with sodium nitrate causes a slight
increase in the sensitivity of the axonemes to added calmodulin. Furthermore, pre-
treatment of cilia for 5 min with 0.25 M sodium acetate, followed by a 5 min
extraction with 0.5 M NaCl, often yields a 30S dynein that is heterogeneous in its
response to calmodulin and has a CAR greater than 2 in the “light” 30S dynein
fractions.

METHODS

The absorbance of axonemal suspensions was measured in a 1-cm cuvette at
350 nm in a Gilford spectrophotometer. Each cuvette contained 0.3 ml of IMT 7.5
buffer (50 mM imidazole/50 mM Tris/0.4 mM EGTA/7.5 mM MgCl,/pH 7.5), 0.05
ml of 12.5 mM CaCl,, 0.15 ml of demembranated axonemes suspended in IMT 7.5/
6 (ie, IMT buffer diluted sixfold with H,O), and water up to 0.95 ml. After measuring
the initial Assg for about 5 min, 0.05 ml of 1 mM ATP was added and 0.05 ml of
H,O was added to a control cuvette.

ATPase activity was measured for 20 min at 25°C in a final volume of 1 ml.
Each reaction mixture contained 0.3 ml of IMT 7.5 buffer, 0.1 ml of 12.5 mM CaCl,,
and 0.1 ml of dynein in IMT/6 (for typical protein concentrations see Fig. 6).
Reactions were initiated by addition of 0.1 ml of 10 mM ATP (pH ~7). When
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calmodulin (from bovine brain) was present, its concentration was 20 pg/ml, approx-
imately 1.1 uM.
All other methods were as described earlier [8].

RESULTS

Effects of Salts on 14S and 30S Dyneins Obtained by Extraction With
0.5 M NaCl

When demembranated axonemes are extracted for 5 min at 0°C in a buffer
containing 0.5 M NaCl and the extracted proteins resolved on sucrose density
gradients, the 30S dynein ATPase fractions often have a calmodulin activation ratio
(CAR) greater than 1.6 [8]. The pooled 30S dynein fractions used for the experiment
shown in Table I had a CAR value of 1.4. The addition of 0.2 M sodium acetate, (.2
M NaCl, or (most potent) 0.2 M NaNOs, increased the basal activity to approximately
the value observed on the addition of calmodulin in the absence of salt, but had less
effect on the calmodulin-activated ATPase activity. The CAR thus dropped to 1.0 in
the presence of these salts. The effect of NaF on 30S dynein ATPase was entirely
different than that of the other three sodium salts studied. A 95% inhibition of basal
ATPase activity was obtained at 4 mM NaF, as well as a comparable inhibition in the
presence of added calmodulin, so that the CAR fell to 1.0 or below.

When axonemes that have been extracted for 5 min with a buffer containing 0.5
M NaCl are reextracted for ~ 21 hr at 4°C with the same buffer, the 14S dynein
ATPase obtained by sucrose density gradient sedimentation is generally very sensitive
to added calmodulin, especially to the “light” 14S fraction [8]. Table I also shows the
effects of sodium salts on such a preparation of 14S dynein. The addition of 0.2 M
sodium acetate, NaCl, or NaNO; caused only a small inhibition of basal activity, but
a marked inhibition of calmodulin-stimulated activity. Again, the effect of NaF was

TABLE 1. Effect of Sodium Salts on ATPase Activities of 14S and 30S Dyneins in the Presence
and Absence of Calmodulin*

% ATPase activity calmodulin

14S Dynein 308 Dynein

Added salt (mM) - + CAR = + CAR
None — (100) 436 4.4 (100) 136 [.4
Na acetate 200 80 161 2.0 195 200 1.0
NaCl 200 96 184 1.9 184 190 1.0
NaNO; 200 89 234 2.6 277 280 1.0
NaF 1 60 203 34 — — —

2 43 95 2.2 — — —

4 34 52 1.6 5 4 0.8

*30S dynein ATPase was obtained by sucrose density gradient sedimentation of the material solubilized
by a 5-min extraction of axonemes with buffer containing 0.5 M NaCl. Fractions 5-9 were pooled and
assayed in the presence and absence of calmodulin at the indicated sait concentrations; 100% activity
corresponds to 684 nmol/min-mg. The 14S dynein was obtained by reextracting the briefly extracted
axonemes for about 20 hr. Fractions 13-17 of the sucrose gradient, with CAR values ranging from 2.5
to 11.5, were pooled and assayed at the indicated salt concentrations; 100% activity corresponds to 87
nmol/min-mg. The calmodulin activation ratio (CAR), defined as the ratio of activity with 20 pg added
calmodulin to that without, is shown for each condition.
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quite different than that of the other three sodium salts. Even 1 mM NaF caused an
appreciable inhibition of basal activity and of calmodulin-stimulated activity. Further
increase in NaF concentration inhibited both the basal ATPase activity and, more
‘strongly, the calmodulin-stimulated activity, so that the CAR dropped to 1.6 at 4 mM
NaF.

Effects of Salts on Dynein Extracted by Tris-EDTA

When cilia are extracted with a low ionic strength buffer (1 mM Tris/0.1 mM
EDTA) the 30S dynein so obtained is generally insensitive to added camodulin.
Occasionally, however, the heaviest fractions (ie, near the bottom of the sucrose
gradient) are appreciably activated by calmodulin. (Although this occurs only infre-
quently with cilia from T. pyriformis strain HS, it occurs more regularly with 30S
dynein obtained by Tris-EDTA extraction of axonemes from thermotolerant strain
NT1 [unpublished data]). Figure 1 shows the effects of NaCl, NaNO3, and NaF on
the basal ATPase activity and on the calmodulin-activated ATPase of a “heavy” 30S
dynein from a Tris-EDTA extracted preparation with a CAR value of 1.7. It can be
seen that as with 30S dynein obtained by brief extraction with 0.5 M NaCl (Table I),
there was a marked increase in basal activity as NaCl concentration increased. The
ATPase activity in the presence of added calmodulin also increased, but less markedly,
so that by 0.2 M NaCl, the CAR was 1.0. Similar results were obtained with sodium
acetate (not shown) and with NaNO; (Fig. 1) except that NaNO; was a more potent
activator of ATPase activity than was NaCl (cf Table I). Figure 1 also shows that the
fluoride anion is qualitatively and quantitatively different than the acetate, chloride,
Or nitrate anions.
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Fig. 1. Effect of NaCl, NaNO;, and NaF on activation of Tris-EDTA-extracted 30S dynein by
calmodulin. Demembranated cilia were extracted with 1 mM Tris/0.1 mM EDTA, pH 7.5, for about 24
hr, and the dyneins were resolved by sucrose density gradient sedimentation. Fraction 2 (“heavy” 308
dynein) was assayed for ATPase activity in the presence (filled circles) and absence (open circles) of
added calmodulin at the salt concentrations shown on the abscissa.
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Effects of Sodium Salts on ATPase Activity of Demembranated Axonemes

It has been reported [7] that the ATPase activity of Tetrahymena cilia was only
slightly inhibited by KCl and that there was no difference in potency of NaCl, NH,Cl,
or LiCl as compared with KCI. Because of the findings of anion specific effects on
the solubilized dyneins (Table I, Fig. 1; see also [6]) it was of interest to examine the
effects of the four sodium salts used on the ATPase activity of axonemes. Table I
presents results obtained with two different preparations of demembranated axo-
nemes. In contrast to the marked increase in activity of solubilized 30S dynein and
the small decrease in activity of solubilized 14S dynein, axonemal ATPase was barely
activated by 0.2 M sodium acetate or NaCl and less than 1.3-fold by NaNOs. Low
concentrations of NaF were less potent in inhibiting axonemal ATPase than in
inhibiting that of the solubilized dyneins. At high concentrations of NaF, however,
where the ATPase activity of the solubilized dynein was almost completely inhibited
(Table 1, Fig. 1) appreciable axonemal ATPase activity was still expressed.

A specific inhibitory effect of fluoride ion is not without precedent. Thus enolase
is inhibited by fluoride, but this has been attributed to the formation of a magnesium
fluorophosphate complex [9]. Although only the phosphate released by ATP hydrol-
ysis was present in the experiments with dynein, it was nevertheless possible that
such a complex might account for the inhibitory effect of fluoride. An experiment
was therefore performed in which the Mg* ™ concentration was raised from its usual
value of 2.3 mM to 12.3 mM. There was no effect of this increase in Mg**
concentration on the ATPase activity of axonemes nor on the amount of inhibition
caused by 20 mM NaF (data not shown).

Since it appeared that low concentrations of fluoride inhibited both the extracted
dyneins and dynein in situ, it was of interest to inquire whether the activation of 30S

TABLE II. Effect of Salts on ATPase Activity of
Demembranated Axonemes*

ATPase activity

Sait Concentration %
None — (100)

Na acetate 50 106 + 2
100 107 + 1
200 112 + 6
NaCl 50 103 +2
100 103 + 3
200 102 +5
NaNO; 50 105 + 2
100 105 + 3

150 —
200 126 + 2
NaF 1 50 +1
2 30+ 1

4 _
20 26 + 5

*Two preparations of demembranated cilia were assayed for ATPase
activity at the indicated salt concentrations as described in METHODS.
Results are given as mean + 0.5x (difference between the two values).
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dynein ATPase by high concentrations of NaNO; would be prevented by low concen-
trations of NaF. It was found that concentrations up to 2 mM NaF increasingly
prevented the rise in ATPase activity caused by concentrations of NaNO; up to 0.2 M
(data not shown).

Effect of Anions on Concentration of Calmodulin Required for Activation of
14S Dynein ATPase

We have seen (Fig. 1) that increasing concentrations of NaCl, NaNQ;, and
sodium acetate increasingly inhibit the calmodulin-activated ATPase activity of 148
dynein until by 0.2 M salt the CAR decreases to 1.0. Because this could have resulted
from a decrease in binding affinity of the 14S dynein for calmodulin in the presence
of these salts, it was of interest to measure the degree of enhancement of ATPase
activity as a function of calmodulin concentration in the absence and presence of
added salt. These experiments were performed at 50 mM NaCl and 50 mM NaNO;,
where sufficient activation can be observed by high calmodulin to make such mea-
surements feasible. The data in Figure 2 suggest, for two different preparations of
14S dynein (5 min-21 hr extraction with 0.5 M NaCl), that there was no major change
in the concentration of calmodulin (~0.1 pM; cf [10]) required for half-maximal
activation. Similar experiments were done with 30S dynein, but because the CAR
values were less than 1.5 in the presence of 50 mM NaCl or NaNQs, it is difficult to
interpret such data unequivocally. There was, however, no indication of a change in
the concentration of calmodulin required for half-maximal activation.

ATPase ACTIVITY (nmol/ min- mg protein)

| | 1 | J
2 4 6 8 10 1 4
419 CALMODULIN / ml

Fig. 2. Calmodulin concentration dependence of activation of 14S dynein ATPase in presence and ab-
sence of NaCl and NaNOjs. 148 dynein was prepared by extracting axonemes that had already been ex-
tracted for 5 min with an 0.5 M NaCl containing buffer for another 20 hr period, as described in Methods.
Results from two different preparations are shown. The 15 min-20 hr 14S dynein of preparation 1 was as-
sayed at the indicated concentrations of calmodulin in the absence (O---O) and presence (@---@) of 50
mM NaNOs;; that of preparation 2 was assayed in the absence ((J---LJ) and presence (Ill---W) of 50 mM
NaCl.
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Effect of Salts on the Turbidity Response of Axonemes

Gibbons et al [6] have reported that whereas the ATPase activity of the latent
form of dynein 1 of sea urchin sperm flagella increased sharply with increasing NaCl,
concentrations of acetate up to 0.6 M had little effect. Furthermore, the velocity of
tubule sliding appeared to increase in an acetate-containing reactivation medium as
compared to one containing chloride. Since Warner and Mitchell [11] have reported
that the decrease in turbidity observed on addition of ATP to Tetrahymena cilia is due
in large part to the sliding apart of doublets, it was of interest to examine the effect of
these anions on the turbidity response of demembranated axonemes to ATP. Figure 3
shows results from a typical experiment. In the absence of added salt addition of H,O
caused the decrease in Assg expected by dilution, while addition of ATP caused the
usual approximately 25% decrease in A;sg. The absorbance was constant both before
and after ATP addition (Fig. 3A). Addition of 200 mM sodium acetate caused a very
rapid 16% decrease in Assq, after which the absorbance remained essentially constant
(Fig. 3B). Even larger initial decreases in Aj5q were observed after adding NaCl and
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Fig. 3. Effect of sodium salts on turbidity response of axonemes. The absorbance at 350 nm (As3s0)
was measured as described in Methods. The decrease in Ajsp owing to addition of H,O (dashed arrow)
is exactly that calculated for dilution {A). The decrease in Assg owing to addition of the same volume
(0.05 ml) of ATP exceeds that owing to dilution, and the difference in Ajsq, indicated as A—in A, is a
measure of the turbidity response. The experiments performed in A were repeated in B-D in the presence
of the indicated concentrations of sodium acetate, NaCl, and NaNOj, respectively. Open symbols, Assg
before and after addition of H,O; closed symbols, A;sq after addition of ATP.
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NaNOQOj;. The reason(s) for these abrupt anion-dependent decreases in Ajzsg are at
present unknown. Addition of ATP to the axonemes in the presence of sodium acetate
produced almost the same AA;sq as was caused by addition of ATP to these axonemes
in the absence of salt. In the presence of 100 mM NaCl (Fig. 3C), there was a slow
decrease in Aszsg. The addition of ATP caused a smaller decrease in Assg than was
observed in the presence of 200 mM sodium acetate. At 200 mM NaCl, the decrease
in Azsq was steady, and addition of ATP caused only a small AA;ss. The changes
observed when 50 mM NaNO; was added were comparable to those occurring in the
presence of 100 mM NaCl, but at 150 mM NaNOj the Aj3s, dropped very rapidly and
by 10-min addition of ATP caused no further change in Asso except that owing to
dilution (Fig. 3D). Incubation of axonemes with concentrations of NaF up to 20 mM
did not cause any decrease in Assp but caused a marked decrease in the turbidity
response (data not shown).

The experiments described in Figure 3 suggest that acetate, chloride, and nitrate
differed in their ability to extract protein from axonemes. To examine this further,
similar experiments were performed on three different preparations of axonemes. In
each case the initial Azso was adjusted to approximately 1.1 and at zero time water or
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Fig. 4. Turbidity changes during exposure of axonemes to sodium nitrate, sodium chloride, or sodium
acetate. Demembranated axonemes were resuspended in 2.5 ml of IMT/6 buffer, and the initial
absorbance at 350 nm ( ~ 1.11) was measured. At zero time 0.45 ml of water or 1 M NaNO;, NaCl, or
sodium acetate was added (final salt concentration 0.15 M) and the Ajso was measured at the times
indicated on the abscissa. At ~ 1,000 sec the contents of each cuvette were centrifuged at 27,000g for
15 min at 0°C. The supernatants were assayed for protein content and for ATPase activity in the presence
and absence of calmodulin (Table III). The pellet was washed once by centrifugation and resuspended in
IMT/6 buffer and the ATPase activity measured in the presence and absence of calmodulin (Table III).
Open, filled, and half-filled symbols represent three different axonemal preparations.
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TABLE III. Effect of Treating Axonemes With 50 mM Salt on Calmodulin Sensitivity and Protein
Extraction*

Supernatant
Protein ATPase
Pellet concentration activity
Salt added CAR (ug/ml) (nmol/min-mg protein)

— 1.12 4+ 0.06 11.0 £ 2.4 —
Sodium acetate 1.07 + 0.08 293 £ 5.1 66
Sodium chloride .21 + 0.02 38.6 + 3.7 110
Sodium nitrate 1.23 £ 0.03 107 +7.5 203

*Demembranated axonemes were resuspended in IMT/6 buffer and aliquots of 2.55 ml were added to
cuvettes. Att = 0, 0.45 ml of H,O or of 1 M NaNO;, NaCl, or acetate were added and the decrease in
Ajsg (initial value about 1.0) was followed for 1,000 sec. The contents of each cuvette were then
centrifuged at 27,000g for 15 min at 0°C. The supernatant was carefully decanted and the pellet was
resuspended in 1.5 ml of IMT/6 buffer. Suitable volumes of the supernatant and of the resuspended
pellet were taken for protein determinations and for ATPase assay as described in Methods. Values are
means + SD (n = 3) except for supernatant ATPase activity, which is the average of two experiments
that differed by less than 10%.

salts were added so that the final salt concentration was 50 mM. The addition of
water caused exactly the decrease in A359 owing to dilution (Fig. 4). The addition of
50 mM sodium acetate caused an initial decrease in Assg (cf Fig 3B) but no further
decline during the next 10-15 min. The addition of 50 mM NaCl caused a still larger
initial decrease in Assg, followed by a slow further decline. The addition of 50 mM
NaNOj caused a still larger initial decrease in Azsg and a rapid and continuing further
decline. At about 1,000 sec after the salts were added, the contents of each cuvette
were centrifuged and the supernatants saved and their protein contents determined.
The pellets were washed in buffer to remove salt and any extracted proteins, and the
ATPase activity of the washed pellets was assayed in the presence and absence of
added calmodulin (Table III). Very little protein or ATPase activity appeared in the
supernatant in pellets treated with buffer alone, and the calmodulin activation ratio
was just slightly greater than 1.0. Exposure to 50 mM sodium acetate increased the
amount of protein extracted, and the remaining pellet had a CAR also not significantly
larger than 1.0. Exposure to 50 mM NaCl for about 15-20 min extracted still more
protein and yielded a pellet with a CAR of 1.21. Exposure to 50 mM NaNO; extracted
much more protein than the NaCl extraction, and yielded a pellet with a CAR of
1.23. Table III also shows that the ATPase activity per mg of extracted material
increased in the sequence NO 73 > Cl™ > acetate.

Sequential Extraction of Axonemes With Sodium Acetate Followed by NaCl

The data presented in Table III suggest that acetate was a poor extractant for
solubilized dyneins. An experiment was therefore performed in which axonemes were
extracted for 20 hr with an extraction buffer containing 0.5 M sodium acetate instead
of 0.5 M NaCl. Virtually no ATPase activity (measured in the presence and absence
of calmodulin) was solubilized. The extracted axonemes had the expected ATPase
activity and responded to ATP with the expected decrease in turbidity (data not
shown). In a similar experiment a small amount of ATPase activity was, however,
extracted. It therefore seemed possible that a preincubation of the demembranated
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axonemes with a sodium acetate containing buffer might remove, for example, any
contaminating proteases, and yield a “better” preparation of 14S and 30S dyneins
upon subsequent extraction with NaCl. The results of one such experiment are
presented in Figures 5 and 6. Demembranated axonemes [which have CAR ratios of
~ 1.5 (10)] were extracted for 5 min at 0°C in a buffer containing 0.25 M sodium
acetate and then centrifuged. The supernatant contained less than 15% of the protein
originally present and the small amount of ATPase activity extracted was insensitive
to added calmodulin (Fig. 5). Most of the protein was in the pellet (pellet I), which

Demembranated
Axonemes

0.25 M acetate, 5 min

| |
Supernatant I Pellet I
Protein: 8.6 mg 56.9 mg

ATPase: 132 nmol/min-mg 134 nmol/min-mg
CAR: 1.04 1.13
0.5 M NaCl
for 5 min
Supernatant II Pellet II
Protein: 8.8 mg
0.5 M NaCl
ATPase: 170 nmol/min-mg for 21 hr
Supernatant III Pellet III
Protein: 24.2 mg 13.9 mg

ATPase: 65 nmol/min-mg 87 nmol/min-mg

CAR: 1.34

Fig. 5. Extraction procedure used to obtain 30S dynein ATPase heterogeneously sensitive to added
calmodulin. Axonemes were extracted for 5 min at 0°C in IMT/6 buffer (15 mM Tris, 15 mM imidazole,
2.25 mg MgCl,, 12 uM EGTA, pH 7.5) containing 0.25 M sodium acetate. The suspension was then
centrifuged at 0°C for 15 min at 27,000g, yielding supernatant I and pellet 1. Pellet I was then extracted
for 5 min in extraction buffer (IMT/6 containing 0.5 mM dithiothreitol, 2.5 pg/ml a, - macroglobulin,
pH 7.5, and 0.5 M NaCl), and centrifuged as above, yielding pellet II and supernatant II. Peilet Il was
then reextracted for 21 hr in the extraction buffer yielding supernatant III and pellet III. Protein
concentrations, ATPase activities, and CAR values are shown at several steps. Supernatants II and I
were resolved by sucrose density gradient sedimentation as shown in Figure 6A,B, respectively.
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Fig. 6. Calmodulin sensitivity of 14S and 30S dynein ATPases prepared by the sequential extraction
procedure of Figure 5. Three milliliters of supernatants II (A) and III (B) of Figure 5 were placed on top
of 5-30% (w/v) sucrose gradients and centrifuged for 21 hr (A) and 20 hr (B) at 23,500 RPM in an SW
25 rotor. The gradient begins at approximately the level of fraction 21; part of fraction 21 and all of
fractions 22 and 23 are the material placed on top of the gradient before centrifugation. Fractions of
approximately 1.15 ml were collected and their ATPase activities assayed in the absence (O--—-O) and
presence (@---@) of 20 ug/ml calmodulin. Protein concentrations were also measured ((J---[J). The

numbers next to several points of the 14S and 30S dynein ATPase peaks are the calmodulin activation
ratios (CAR values) for those fractions.

had the same specific ATPase activity as the supernatant and was also insensitive to
added calmodulin. Pellet I was then extracted for 5 min with extraction buffer
containing 0.5 M NaCl. About 15% of the protein was extracted by the brief NaCl
extraction, and the specific ATPase activity of supernatant Il was somewhat larger
than after the extraction with sodium acetate. This supernatant was resolved into 14S
and 30S dyneins by sucrose density gradient sedimentation, as shown in Figure 6A.
It can be seen that the 30S dynein peak was now not only sensitive to calmodulin but,
furthermore, was heterogeneous in the same way as reported earlier [12,13] for 14S
dynein; ie, the CAR value increased on the “light” side of the peak, attaining a value
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of 2.9 in this experiment. The 14S dynein ATPase activity was, as expected [8],
relatively insensitive to calmodulin.

The pellet remaining after the brief extraction with NaCl was then reextracted
for 21 hr with extraction buffer containing 0.5 M NaCl and centrifuged, yielding
pellet II, with a CAR value of 1.34 (consistent with the data presented in Table III),
and supernatant III. Resolution of this supernatant on a sucrose density gradient
yielded, as expected, a 30S dynein with a CAR value of 1.3 and a 14S dynein that
was very sensitive to calmodulin, especially in the “light” 14S fractions (Fig. 6B).

A total of seven experiments such as that shown in Figures 5 and 6 have been
performed. In one of these experiments, the CAR value for the 5-min 308 dynein was
approximately 1.3-1.5 across the peak, with no indication of heterogeneity. In the
other six experiments (including that shown in Fig. 6) heterogeneity was evident,
though in only two of these six experiments did the CAR value reach the level of 2.9.
The reasons for this variability are at present unknown. It is clear, however, that
pretreatment of Tetrahymena axonemes with 0.25 M acetate followed by a 5-min
extraction with an 0.5 M NaCl-containing buffer yields a 30S dynein that is often
heterogeneous with respect to activatability by calmodulin, the “light” 30S fractions
having higher CAR values than the “heavy” 30S fractions.

DISCUSSION

The activation of 308 dynein and of dynein 1 ATPase activities and the inhibition
of 14S dynein and of dynein 2 ATPase by KCI [1,3,5] could, in principle, be due
primarily to the cation, to the anion, or to a nonspecifc ionic-strength effect. In so far
as specificity with respect to monovalent cations has been examined {7], there was
little difference between KCI, NaCl, and LiCl in their effect on axonemal ATPase
activity or on a mixture of extracted dyneins. That specific anion effects may influence
dynein ATPase activity was first observed by Gibbons et al [6], who noted that
sodium acetate stabilized the latency of dynein 1 ATPase, whereas NaCl caused
activation. The present data further demonstrate that anions differ in their effects on
ATPase activities, on the ability of calmodulin to activate the ATPase activities, on
the ease with which proteins may be extracted from axonemes, and on the ability of
ATP to cause a decrease in turbidity when added to an axonemal suspension.

Anion Effects on ATPase Activity

NaNOQO; causes a larger activation of the ATPase activity of 30S dynein than
does NaCl or sodium acetate, while NaF behaves differently than any of the other
three salts, causing an inhibition of activity at concentrations far below the concentra-
tions of NaCl, NaNo,, or sodium acetate required for activation. Furthermore,
fluoride retains its ability to inhibit 30S dynein ATPase even in the presence of 0.2 M
NaNO;. Although there may be some activation by nonspecific ionic-strength effects,
these results demonstrate that certain anions have specific effects on 30S dynein
ATPase activity. This view is further reinforced by the data on the effects of these
salts on the ATPase activity of demembranated axonemes. ATPase activity of axo-
nemes (ie, a mixture of 14S and 30S dyneins plus a small amount of a low S ATPase
that is not activated by calmodulin [10] is scarcely affected by 0.2 M NaCl or sodium
acetate, though a small activation is caused by 0.2 M NaNO; (Table II), in accord
with its greater effect on solubilized 30S dynein ATPase and its greater ability to
cause the solubilization of axonemal protein (Fig. 4, Table III). Although dyneins in
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situ is very resistant to activation by NaCl, NaNOs, and sodium acetate, it is inhibited
by low concentrations of fluoride, as are both the solubilized 14S and 30S dynein
ATPases. The observation that increasing the Mg* ™ concentration did not alter the
inhibitory effect of fluoride on axonemal ATPase acitvity indicates that the fluoride
inhibition was not caused by a reduction in the available Mg* *. That divalent cations
need not be involved in an inhibition by fluoride is demonstrated by the inhibition of
tributyrinase by 1 mM fluoride [14]. Fluoride, albeit at higher concentrations than
required in the present study, is also an inhibitor of succinoxidase [15], myokinase
[16], and nucleotide pyrophosphatase [17]. In none of these cases, however, is the
mechanism of fluoride inhibition understood.

Anion Effects on Turbidity Response of Axonemes and Protein
Solubilization

A specific anion response is also apparent from the data on the decrease in
turbidity of an axonemal suspension in response to ATP (Fig. 3) and the rate of
solubilization of axonemal protein (Fig. 4, Table III). Sodium acetate at a concentra-
tion of 0.2 M caused a small but highly reproducible decrease in Assp that occurs
within a minute after the addition of the salt. Whether this is related to the small
amount of protein that is released by the acetate as determined by measurements made
much later after the salt addition (Table III) or results from a change in axonemal
structure unrelated to protein solubilization remains to be determined. In any case this
decrease in Ajzsg is not accompanied by a loss in turbidity response to ATP. The
addition of even 0.1 M NaCl to an axonemal suspension, however, caused a slow
decrease in turbidity (Fig. 4) and partial inhibition of the turbidity response (Fig. 3).
Since there was no increase in ATPase activity (Table II), it is unlikely that solubili-
zation of 30S dynein was responsible for the partial inhibition of the turbidity
response, although this cannot be ruled out. Addition of 0.2 M NaCl caused a marked
inhibition of turbidity response and a steady decline in Ajsq (Fig. 3), associated with
appreciable extraction of protein (Fig. 4, Table III). NaNO; was approximately twice
as potent as NaCl in inhibiting the turbidity response in extracting protein from the
axonemes and in enhancing the ATPase activity of solubilized 30S dynein.

A key difference between acetate and chloride is the failure of 0.5 M sodium
acetate to extract a large amount of dynein from demembranated axonemes even after
20 hr, whereas even a 5-min exposure to 0.5 M NaCl solubilizes a considerable
fraction of the dynein. The Hofmeister series, which characterizes anions according
to their tendency to precipitate charged proteins, is often a useful guide to nonspecific
anion effects [18]. In this series, acetate, chloride, and nitrate are adjacent and in that
order. While the differences between nitrate and chloride on activation of 30S dynein
ATPase, inhibition of turbidity response, and ability to extract axonemal protein are
consonant with a nonspecific anion effect, it appears that acetate interacts in some
specific manner with dynein. This accords well with the finding that acetate stabilized
the latency of dynein ATPase [6]. Although acetate increased the velocity of tubule
sliding [6], we observed no effect on turbidity response (Fig. 3). This may simply
reflect on the crudeness of the turbidity assay as compared to an analysis of waveform
and frequency. It would be interesting to examine the effects of anions situated before
acetate in the Hofmeister series on ATPase activity, extractability, and AAs;sq.

The ATPase activity of dynein in situ was far more resistant to the activating
effects of NaNO3, NaCl, and sodium acetate than that of solubilized 30S dynein. It
was also more resistant to the inhibitory effect of flouride. These observations indicate
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that the ATPase activity of the dyneins in situ is relatively insensitive to anion effects
(both specific and nonspecific) and acquires this sensitivity as a consequence of
solubilization. We cannot, however, rule out the possibility of a fluoride-insensitive
non-dynein ATPase in axonemes.

Effect of Anions on Activatability by Calmodulin

The initial impetus for this work came because it was necessary to ascertain the
effects of NaCl on the response of dyneins eluted from a DEAE-Sephacel column to
added calmodulin [8]. Briefly stated, NaNoz, NaCl, and sodium acetate inhibit the
ability of calmodulin to activate both 14S and 30S dyneins, but for opposite reasons.
These salts increase the basal ATPase activity of 30S dynein more than they increase
the calmodulin-activated ATPase activity, while they have little effect (slight inhibi-
tion) on the basal activity of 14S dynein but strongly reduce the ability of calmodulin
to cause activation (Fig. 1). In either case, the CAR decreases to 1.0 as salt concen-
tration increases to 0.2 M. Since there seems to be little or no effect of these salts on
the concentration of calmodulin required to achieve half-maximal activation of AT-
Pase activity (Fig. 2), it appears likely that the salts interfere with the ability of bound
calmodulin to cause enhancement of the ATPase activity. It remains to be determined
whether the differences in mode of loss of calmodulin activatability with increasing
salt concentration of 14S as compared with 30S dynein have any significance for
understanding their regulation by calmodulin.

Extraction of a Calmodulin-Activatable 30S Dynein

In the original studies [10] on the effects of calmodulin on KCl-solubilized
dyneins, it was found that 30S dynein ATPase had a CAR of 1.3, which couid have
resulted from a nonspecific interaction. This was rendered unlikely with the recent
discovery that extraction of axonemes with an 0.5 M NaCl-containing buffer for 5
min yielded a 30S dynein that almost always had a CAR of about 1.6 and occasionally
a much higher value [8]. The present report further shows that Tris-EDTA-extracted
30S dynein, which had previously been found to be insensitive to added calmodulin
f10], may occasionally exhibit an appreciable activation by calmodulin and, further-
more, that NaCl, NaNQO;, and sodium acetate affect this activity in the same manner
as found for the 30S dynein obtained by a 5-min extraction with 0.5 M NaCl. The
discovery that sodium acetate extracted only a small amount of protein from axonemes
led us to try pretreatment of the axonemes with 0.25 M sodium acetate for 5 min as a
possible means of removing a factor or factors (eg, a protease or phophatase) that
might account for the variability in CAR values or which by “stabilizing” the 30S
dynein might yield the same result. Whatever the reason, the pretreatment with 0.25
M acetate frequently causes the 30S dynein obtained from a subsequent extraction
with 0.5 M NaCl to be heterogeneous in its CAR in the same way as earlier reported
for 148 dynein, ie, the “light” fractions have higher CAR values than the “heavy”
fractions. Heterogeneity of 30S dynein ATPase with respect to activatability by gentle
heating has been reported earlier [13], but it is not known at present whether the
factor(s) that underly the heterogeneity of response to calmodulin are the same as the
factor(s) responsible for heterogeneity of response to heat treatment.

CONCLUSIONS

We have recently presented several lines of evidence favoring the view that
calmodulin sensitivity is an inherent property of 14S dynein and is not likely to be
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due to the presence of a calmodulin-sensitive ATPase other than dynein that is
extracted by long exposure to 0.5 M NaCl. The finding that 30S dynein can be
prepared that is heterogeneous in its response to calmodulin provides further suppport
for the view that calmodulin activatability is a property of the dynein and not of a
putative contaminating ATPase. If the calmodulin-sensitive ATPase were not dynein,
it is now required that it would cosediment preferentially with the “light” 14S dynein
fractions and with the “light” 30S fractions. This would of necessity imply that the
putative calmodulin-sensitive ATPase interact specifically with the 14S and 30S
dyneins rather than accidentally cosedimenting with one of them in the sucrose
gradient. It would also require that the putative calmodulin-sensitive ATPase migrate
near the bottom of the gradient to account for the calmodulin-sensitive ATPase found
occasionally in Tris-EDTA-extracted material. While such behavior on the part of a
putative calmodulin-sensitive ATPase cannot be ruled out, the present findings are
more simply explained if the calmodulin sensitivity is inherent in the 14S and 30S
dyneins (or in a calmodulin-sensitive protein kinase/phosphatase system closely asso-
ciated with them) to an extent determined, in part, by the method of preparation.

Careful examination of Figure 6A reveals a shoulder at fractions 10-12. This is
seen in some preparations but not in others. It may indicate the presence of, eg, a
“20S” dynein that is sensitive to calmodulin and overlaps the 30S dynein, which is
marginally sensitive to calmodulin. Alternatively, the calmodulin-sensitive material in
fractions 10-12 could be an aggregate of 14S dynein. It is also possible that the
heterogeneity of the “14S” material in Figure 6B results from the presence of two
“14S” dyneins, a calmodulin-insensitive one peaking in fraction 14 and a calmodulin-
insensitive one peaking in fraction 15. For the present we use the term heterogeneity
to encompass these possibilities as well as the possibility that there are only one type
each of 30S and 14S dyneins that differ in, eg, degrees of covalent modification or in
the presence or absence of polypeptide regulatory factors.

The present data provide yet another line of evidence against the presence of a
calmodulin-activated ATPase other than the dyneins themselves. The finding that the
CAR values of the axonemal pellets remaining after extraction with NaCl or NaNO;
(Table II) or after sequential extractions with sodium acetate and NaCl (Fig. 5)
increase from approximately 1.0 (ie, no effect of calmodulin) to 1.2 or 1.3 is
incompatible with the extraction of a calmodulin-sensitive ATPase from the axoneme,
since loss of such an ATPase should decrease the CAR of the resulting axonemal
pellet. These observations are, however, consistent with the hypothesis that the salt
treatments alter the properties of the dyneins—both those solubilized and those
remaining within the axonemal structure—such that they express an otherwise latent
sensitivity to added calmodulin.

ACKNOWLEDGMENTS

This work was supported by grant No. PCM-8112259 from the National Science
Foundation. We are grateful to J.E. McCartney for providing us with bovine brain
calmodulin.

REFERENCES

1. Gibbons IR: J Biol Chem 241:5590, 1966.
2. Raff EC, Blum JJ: J Biol Chem 244:366, 1969.
3. Ogawa K, Gibbons IR: J Biol Chem 251:5793, 1976.



212:JCB Blum and Hayes

4. Gibbons IR, Fronk E: J Cell Biol 54:365, 1972.

5. Gibbons IR, Fronk E: J Biol Chem 254:187, 1979.

6. Gibbons IR, Evans JA, Gibbons BH: Cell Motility Suppl 1:181, 1982.

7. Blum JJ: Arch Biochem Biophys 156:310, 1973.

8. Blum JJ, Hayes A: J Cell Biochem 24:373, 1984.

9. Warburg O, Christian W: Biochem Z 310:384, 1942.

10. Blum JJ, Hayes A, Jamieson GA Jr, Vanaman TC: J Cell Biol 87:386, 1980.

11. Warner FD, Mitchell DR: J Cell Biol 76:261, 1978.

12. Blum JJ, Hayes A, Vanaman TC, Schachat FH: J Cell Biochem 19:45, 1982.

13. Blum JJ, Hayes A, McCartney JE, Schachat FH; I Submicros Cytol 15:237, 1983.

14. Crum LR, Harbecke RG, Lech JJ, Calvert DN: Biochim Biophys Acta 198:229, 1970.
15. Slater EC, Bonner WO Jr: Biochem J 52:185, 1952.

16. Barkulis SS, Lehninger AL: J Biol Chem 190:339, 1951.

17. Kornberg A, Pricer WE Ir: J Biol Chem 182:763, 1950.
18. Evans CL: “Principles of Human Physiology,” 11th Ed. Philadelphia: Lea & Febiger, 1952, pp

1210.





