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Abstract. 

 

One of the challenges in understanding cili-
ary and flagellar motility is determining the mecha-
nisms that locally regulate dynein-driven microtubule 
sliding. Our recent studies demonstrated that microtu-
bule sliding, in 

 

Chlamydomonas

 

 flagella, is regulated by 
phosphorylation. However, the regulatory proteins re-
main unknown. Here we identify the 138-kD intermedi-
ate chain of inner arm dynein I1 as the critical phos-
phoprotein required for regulation of motility. This 
conclusion is founded on the results of three different 
experimental approaches. First, genetic analysis and 
functional assays revealed that regulation of microtu-

bule sliding, by phosphorylation, requires inner arm dy-
nein I1. Second, in vitro phosphorylation indicated the 
138-kD intermediate chain of I1 is the only phosphory-
lated subunit. Third, in vitro reconstitution demon-
strated that phosphorylation and dephosphorylation of 
the 138-kD intermediate chain inhibits and restores 
wild-type microtubule sliding, respectively. We con-
clude that change in phosphorylation of the 138-kD in-
termediate chain of I1 regulates dynein-driven microtu-
bule sliding. Moreover, based on these and other data, 
we predict that regulation of I1 activity is involved in 
modulation of flagellar waveform.

 

A

 

nalysis

 

 of 

 

Chlamydomonas

 

 flagella has demonstrated
that one of the functions of the flagellar central
pair/radial spoke apparatus is to control flagellar

waveform, and the mechanism involves regulation of
flagellar dynein activity (Smith and Sale, 1994; Habermacher
and Sale, 1995; Porter, 1996). Flagellar mutants with de-
fective radial spokes or central pair structures are gener-
ally paralyzed (Huang, 1986; Curry and Rosenbaum,
1993). However, flagellar paralysis, resulting from defects
in the radial spokes or central pair, can be reversed by by-
pass suppressor mutations that restore motility without re-
pair of the original radial spoke defect (Huang et al., 1982;
Porter et al., 1992). Analysis of flagellar motility in sup-
pressed cells demonstrated the radial spokes operate to
control the curvature of flagellar bending (Brokaw et al.,
1982). Furthermore, the compensating suppressor muta-
tions were found to alter either the dynein arms or a col-
lection of proteins referred to as the dynein regulatory
complex (drc)

 

1

 

 (Huang et al., 1982; Piperno et al., 1992,
1994; Porter et al., 1992; Gardner et al., 1994). Based on
these data, it was hypothesized that the radial spokes and
the drc regulate flagellar dynein activity (Huang et al.,
1982; Porter et al., 1992; Smith and Sale, 1992

 

a

 

, 1994).

Consistent with this interpretation is the localization of drc
components at the junction between the radial spokes and
the inner dynein arms (Gardner et al., 1994; Piperno et al.,
1994). However, the molecular mechanisms by which the
radial spokes and drc serve to control flagellar dynein ac-
tivity are unclear.

To directly address the hypothesis that radial spokes
regulate flagellar dynein activity, the velocity of dynein-driven
microtubule sliding was measured in mutant axonemes
lacking radial spokes. Smith and Sale (1992

 

a

 

) discovered
that microtubule sliding is greatly reduced in axonemes
missing the radial spokes. Furthermore, in vitro reconsti-
tution experiments demonstrated that the radial spokes
are required for wild-type dynein-driven microtubule slid-
ing. Moreover, radial spoke–induced change in microtu-
bule sliding is mediated by posttranslational modification
of the inner dynein arms (Smith and Sale, 1992

 

a

 

).
Based on studies by Hasegawa et al. (1987), we postu-

lated phosphorylation regulates flagellar dynein activity.
Consistent with this hypothesis, protein kinase inhibitors
including the peptide inhibitor PKI (selective for cAMP-
dependent kinase) and type II regulatory subunit (regula-
tory subunit of the cAMP-dependent kinase) were found
to restore wild-type microtubule sliding in isolated ax-
onemes lacking radial spokes (Howard et al., 1994). In
vitro reconstitution experiments, using double mutants
missing both outer arm dynein and radial spokes, indi-
cated that one of the target phosphoproteins is located in
the inner arm dynein fraction (Howard et al., 1994). We
concluded the axoneme contains a cAMP-dependent ki-
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 Abbreviation used in this paper

 

: drc, dynein regulatory complex.
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nase, presumably associated with inner arm dynein, that
inhibits dynein-driven microtubule sliding in paralyzed ax-
onemes. From these results, we predicted increased micro-
tubule sliding also requires the activity of an endogenous
phosphatase, also presumed to be in close association with
the inner dynein arms. As predicted, restoration of wild-
type inner arm dynein activity requires an axonemal type-1
phosphatase, indicating inner arm dynein’s microtubule
sliding activity is regulated by change in phosphorylation
of a key inner arm protein (Habermacher and Sale, 1996).
Together the data support a model in which the radial
spokes, in conjunction with an axonemal cAMP-depen-
dent kinase and type-1 phosphatase, regulate inner arm
dynein activity (see Fig. 1). Our goal was to identify the
critical inner arm dynein component.

Structural and biochemical analyses of wild-type and
mutant axonemes have established that the inner arm dy-
neins are heterogeneous in composition and location along
each doublet microtubule (Goodenough and Heuser, 1984;
Goodenough et al., 1987; Piperno et al., 1990; Piperno and
Ramanis, 1991; Kamiya et al., 1991; Burgess et al., 1991;
Mastronarde et al., 1992; Muto et al., 1991; King et al., 1994;
Piperno and Ramanis, 1991; LeDizet and Piperno, 1995).
In contrast, the outer arm dyneins are homogeneous in
composition and structural organization (Witman, 1992;
Porter, 1996; Dutcher, 1995). The complexity of the inner
row of dynein arms is illustrated by the numerous heavy
chain subunits and associated proteins, each located in a
distinct inner arm structure. Current models suggest that
the inner arms are organized in precise groups that repeat in
a 96-nm pattern, in exact register with the paired radial
spokes and the drc structures (Witman, 1992; Dutcher,
1995; Porter, 1996). This organization was defined, in part,
by 

 

Chlamydomonas

 

 mutants missing subsets of inner arm
dynein components.

We took advantage of these dynein mutants, missing
selected subsets of dynein components, to identify the crit-
ical inner arm dynein component, and predicted that dou-
ble mutant axonemes missing both radial spokes and the
regulatory phosphoprotein would no longer respond to
PKI. Among the inner dynein arms is a structure referred
to as inner arm I1 that is located in the proximal portion of
each 96-nm repeat, composed of two heavy chains and
three intermediate chain subunits with masses of 140, 138,
and 97 kD, and can be isolated as a 21S particle or in the
“f” fraction separated by Mono-Q chromatography (Good-
enough et al., 1987; Kamiya et al., 1991; Smith and Sale,
1991; Porter et al., 1992; Kagami and Kamiya, 1992; Kato
et al., 1993; Gardner et al., 1994). This inner arm dynein is
defined by mutations in three loci referred to as 

 

ida

 

1 (

 

pf9

 

or 

 

pf30

 

), 

 

ida

 

2, and 

 

ida

 

3 (Brokaw and Kamiya, 1987; Pip-
erno et al., 1990; Kamiya et al., 1991; Smith and Sale, 1991;
Porter et al., 1992). We found that mutants missing both I1
and the radial spokes failed to respond to PKI. In contrast,
mutants missing radial spokes and other dynein compo-
nents responded to PKI in the same fashion as control ax-
onemes missing only the radial spokes. We concluded in-
ner arm I1 is required for PKI-induced increase in
microtubule sliding and therefore predicted I1 contains a
regulatory phosphoprotein. The 138-kD intermediate
chain is the only phosphoprotein in I1. Coincident with in-
creased dynein activity, phosphorylated 138-kD protein be-

comes selectively dephosphorylated upon rebinding to ax-
onemes with wild-type radial spokes. We concluded that
the radial spokes control I1’s microtubule sliding activity
by regulating the phosphorylation of the 138-kD interme-
diate chain. We predict regulation of I1’s microtubule slid-
ing is responsible for change in waveform. This prediction
is supported by the studies of King and Dutcher (1997)
that revealed that a new class of mutants, defective for
phototaxis, has an altered pattern of phosphorylation in
the 138-kD intermediate chain of I1.

 

Materials and Methods

 

Cell Strains, Growth Conditions, and Isolation of 
Double Mutants

 

Chlamydomonas reinhardtii

 

 strains studied include: 137c (wild type), 

 

pf

 

17
(lacks radial spoke head, paralyzed), 

 

pf

 

14 (lacks radial spoke, paralyzed),

 

pf

 

28 (lacks outer arm dynein, motile), double mutant 

 

pf

 

28

 

pf

 

30 (lacking
outer arm dynein and I1 inner arm dynein, paralyzed), 

 

pf

 

14

 

pf

 

28 (lack radial
spokes and outer arm dynein, paralyzed), 

 

pf

 

14

 

pf

 

30 (

 

pf

 

14

 

ida

 

1, lack radial
spokes and I1 inner arm dynein, paralyzed), 

 

pf

 

17

 

ida

 

2 (lack radial spoke
head and I1 inner arm dynein, paralyzed), 

 

pf

 

17

 

ida

 

3 (lack radial spoke head
and I1 inner arm dynein, paralyzed), and 

 

pf

 

17

 

ida

 

4 (lack radial spoke head
and subset of inner arm dynein components, paralyzed). Double mutant
cells were either isolated from nonparental ditypes (

 

pf

 

17

 

ida

 

1, 

 

pf

 

17

 

ida

 

2,

 

pf

 

17

 

ida

 

3, 

 

pf

 

17

 

ida

 

4) or were generously provided by G. Piperno (Mount
Sinai School of Medicine, New York) (

 

pf

 

14

 

pf

 

30). The phenotype of each
cell type was verified by light and electron microscopy. With the exception
of 

 

pf

 

14

 

pf

 

28 cells, all strains were grown in liquid modified Medium I of
Sager and Granick (1953), with aeration and a 14-h/10-h light/dark cycle
(Witman, 1986). Due to an inability of the 

 

pf

 

14

 

pf

 

28 to grow flagella of suf-
ficient length in liquid culture, these cells were grown on agar plates (made
in modified Medium I with Bacto-Agar; Difco Laboratories, Detroit, MI),
at 22

 

8

 

C and over a 14-h/10-h light/dark cycle for 5–7 d. On the morning of
an experiment, 

 

pf

 

14

 

pf

 

28 cells were gently scraped and resuspended into
10 mM Hepes, pH 7.4 (10 ml per plate), and the cell suspension was main-
tained in light for 1 h. This procedure induced 

 

pf

 

14

 

pf

 

28 cells to grow half-
length flagella (Kurimoto and Kamiya, 1991; Habermacher and Sale,
1996).

 

Reagents, Phosphatase Inhibitors,
and PKI[6-22] Amide

 

Radioactive labeling of isolated axonemes was performed using either
[

 

g

 

-

 

32

 

P]ATP (Amersham Corp., Arlington Heights, IL) or [

 

35

 

S]ATP

 

g

 

S
(DuPont-New England Nuclear, Boston, MA). Microcystin-LR (Calbio-
chem-Novabiochem Corp., La Jolla, CA) was stored as a 500 

 

m

 

M stock in
10% MeOH at 

 

2

 

20

 

8

 

C. PKI(6-22) amide (referred to here as PKI) is a
peptide with the sequence Thr-Tyr-Ala-Asp-Phe-Ile-Ala-Ser-Gly-Arg-
Thr-Gly-Arg-Arg-Asn-Ala-Ile-NH

 

2

 

 that corresponds to residues 6–22 of
the 

 

a

 

 isoform of the heat-stable inhibitor protein of the cAMP-dependent
kinase, and it was synthesized and purified as described before (Howard
et al., 1994). PKI was stored as a 500 mM stock in water at 

 

2

 

70

 

8

 

C. A 100 mM
stock solution of ATP

 

g

 

S (adenosine-5

 

9

 

-O-[3-thiotriphosphate], tetralith-
ium salt; Calbiochem-Novabiochem Corp.) was made in water, and ali-
quots were stored at 

 

2

 

20

 

8

 

C. A 100 mM stock of ATP (Boehringer Mann-
heim Biochemicals, Indianapolis, IN) was made in Tris buffer, and
aliquots were stored at 

 

2

 

20

 

8

 

C. Except as noted, all other chemicals were
from Sigma Chemical Co. (St. Louis, MO), and deionized water was used
throughout.

 

Isolation of Axonemes and the Microtubule
Sliding Assay

 

Flagella were isolated as described previously (Witman, 1986; Smith and
Sale, 1992

 

b

 

) and resuspended in buffer A (10 mM Hepes, 5 mM MgSO

 

4

 

,
1 mM DTT, 0.5 mM EDTA, 30 mM NaCl, 0.1 mM PMSF, and 0.6 TIU
Aprotinin, pH 7.4). Protein concentration was measured with the protein
reagent (Bio Rad Laboratories, Richmond, CA). For demembranation
and axoneme isolation, flagella were adjusted to 0.85 mg/ml, with a final
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detergent concentration of 0.5% NP-40 (Calbiochem-Novabiochem Corp.).
Axonemes were then pelleted at 37,000 

 

g

 

 (18,000 rpm; SS-34 rotor [Sorvall
Instruments Division, DuPont Co., Newton, CT]) for 20 min. The pelleted
axonemes were resuspended to their previous volume in buffer B (10 mM
Hepes, 5 mM MgSO

 

4

 

, 1 mM DTT, 1 mM EGTA, 50 mM potassium ace-
tate, 0.1 mM PMSF, 0.6 TIU Aprotinin, and 0.5% polyethylene glycol).
Axonemes (

 

z

 

0.7 mg/ml) were then divided equally into the desired num-
ber of 1.5-ml Eppendorf tubes. As appropriate, PKI (100 nM) or buffer
solvent was then added to the axonemes and incubated for 15 min on ice.
The sample was supplemented with 1 mM ATP, or in some cases ATP

 

g

 

S
(see below), followed by a 10-min incubation at room temperature. Micro-
tubule sliding was then measured in 1 mM ATP as described before (Hab-
ermacher and Sale, 1996).

 

Extraction, Reconstitution, and Purification of Inner 
Dynein Arms

 

Inner arm dynein was extracted and reconstituted in vitro as described
(Smith and Sale, 1992

 

a

 

,

 

b

 

; Habermacher and Sale, 1996). Dynein was iso-
lated from either 

 

pf

 

28 or 

 

pf

 

14

 

pf

 

28 axonemes using one of two methods:
axonemes were suspended in buffer A (

 

z

 

5 mg/ml) with either 1 mM ATP
or 1 mM ATP

 

g

 

S before extraction of dynein. In some cases described be-
low, radiolabeled ATP or ATP

 

g

 

S were used. Axonemes were then pel-
leted (18,000 rpm, 20 min, Sorvall SS-34 rotor), supernatants were re-
moved, and axonemes were extracted in high salt buffer (0.6 M NaCl, 10 mM
Hepes, 5 mM MgSO

 

4

 

, 1 mM DTT, 0.5 mM EDTA, 0.1 mM PMSF, and 0.6
TIU Aprotinin) at a protein concentration of 8 mg/ml, for 20 min on ice.
Dynein-containing supernatants were collected and dialyzed (molecular
weight cutoff 12,000–14,000) twice in 500 ml of buffer A for 30 min at 4

 

8

 

C.
I1 inner arm dynein was purified by sucrose density gradient sedimenta-
tion, and S-values were calculated as described previously (Piperno et al.,
1990).

For reconstitution experiments, 

 

pf

 

28

 

pf

 

30 axonemes were isolated and
resuspended to 2 mg/ml in buffer A. As appropriate, microcystin-LR (2 

 

m

 

M)
was added to 

 

pf

 

28

 

pf

 

30 axonemes 15 min before reconstitution with ex-
tracts or purified I1 (Habermacher and Sale, 1996). Extracts of inner arm
dynein or purified I1 fractions were mixed with an equal volume of iso-
lated 

 

pf

 

28

 

pf

 

30 axonemes: this ratio resulted in a four- to fivefold excess of
dynein (Smith and Sale, 1992

 

b

 

). After incubating for 25 min on ice, the ve-
locity of microtubule sliding was measured for controls and reconstituted
axonemes.

 

In Vitro Radioactive Labeling of Radial
Spoke–defective Axonemes

 

pf

 

14

 

pf

 

28 axonemes were suspended in buffer A at a protein concentration
of 5 mg/ml. In 

 

32

 

P-labeling experiments, a mixture of [

 

g

 

-

 

32

 

P]ATP and unla-
beled ATP was added to the 

 

pf

 

14

 

pf

 

28 axonemes, resulting in a final ATP
concentration of 100 

 

m

 

M with a sp act of 100 

 

m

 

Ci/ml. In 

 

35

 

S-labeling exper-
iments, a 12.5 mM stock of [

 

35

 

S]ATP

 

g

 

S was diluted 100-fold into 

 

pf

 

14

 

pf

 

28
axoneme samples, to a final [

 

35

 

S]ATP

 

g

 

S concentration of 125 

 

m

 

M with a
sp act of 125 

 

m

 

Ci/ml. Axonemes were incubated on ice for 15 min, fol-
lowed by a 5-min incubation at room temperature. Axonemes were pel-
leted (15,000 rpm, 20 min, sorvall SS-34 rotor) through a sucrose pad
(buffer A with 25% sucrose [wt/vol] and resuspended in high salt buffer
(0.6 M NaCl, 10 mM Hepes, 5 mM MgSO

 

4

 

, 1 mM DTT, 0.5 mM EDTA,
0.1 mM PMSF, and 0.6 TIU Aprotinin) at a protein concentration of 8–10
mg/ml. Labeled axonemes were extracted in high salt for 20 min, and sub-
sequent fractionation steps were identical to those described above for un-
labeled extract.

 

Gel Electrophoresis, Autoradiography, and 
Phosphorimage Analysis

 

For gel electrophoresis, samples were separated in 2–5% acrylamide and
0–8 M urea as described earlier (Smith and Sale, 1991). Gels were stained
with Coomassie brilliant blue or in some cases were silver stained (Blum
et al., 1987). For radioactive samples, dried gels were either exposed on a
phosphorimager screen, x-ray film, or both. Quantitation of phosphorim-
ager data was performed using the PhosphorImager SI (Molecular Dynam-
ics, Sunnyvale, CA) and ImageQuaNT software (Molecular Dynamics).
To ensure objective comparison of the radioactivity present in control and
microcystin-LR–treated lanes, radioactive counts were measured through
the full width of the lane, and as a function of position along the length of
the lane. Total counts were plotted as a function of position.

 

Protein Quantitation by Densitometry

 

Sucrose gradient samples of I1 fractions were separated in 2–5% acryl-
amide and 0–8 M urea (Smith and Sale, 1991). Incrementally increasing
amounts of purified phosphorylase B (100 ng increments, 100 ng to 1.2 

 

m

 

g)
were separated in the 10 lanes adjacent to the I1 samples. Gels were
stained with Coomassie brilliant blue, and densitometry was performed
using Image 1 software (Universal Imaging Corp., West Chester, PA). A
standard curve was plotted with known amounts of phosphorylase B, and
this was used to estimate the amount of protein contained in the 138- and
140-kD intermediate chain bands.

 

Results

 

Inner Arm Dynein I1 is Required for PKI-induced 
Increase in Dynein Activity

 

To identify the dynein subunit required for regulation of
microtubule sliding, we analyzed 

 

Chlamydomonas

 

 mu-
tants lacking both the radial spokes as well as selected sub-
sets of dynein components. As described above, this strat-
egy has already revealed that the regulatory subunit is not
found solely in the outer row of dynein arms, and there-
fore we focused our study on the inner row of dynein arms.
Double mutants lacking both the radial spokes and se-
lected subsets of inner arm dynein components were iso-
lated from tetrads. Axonemes were isolated, and microtu-
bule sliding velocities were measured in the presence and
absence of the kinase inhibitor PKI. We predicted that a
mutant axoneme missing the critical dynein component
would no longer respond to addition of the kinase inhibi-
tor PKI. The assumption was that the unknown regulatory
phosphoprotein must be present, but present in a dephos-
phorylated form, for wild-type microtubule sliding (see In-
troduction and Fig. 1).

PKI treatment resulted in the expected increase in mi-
crotubule sliding in control axonemes missing the radial
spokes (

 

pf

 

17 or 

 

pf

 

14), central pair apparatus (

 

pf

 

18), or the
double mutant lacking radial spokes as well as the outer
row of dynein arms (

 

pf

 

14

 

pf

 

28) (Table I). Similarly, PKI
treatment induced wild-type microtubule sliding in the
double mutant (

 

pf

 

17

 

ida

 

4) lacking the radial spokes and
the subset of inner arm dynein components missing in 

 

ida

 

4
(Table I; Kamiya et al., 1991). In contrast, double mutants
missing radial spokes and inner arm dynein I1 (

 

pf

 

14pf30,
pf17ida1, 2, or 3) always failed to respond to PKI (Table I).
We concluded I1 is required for PKI-induced increase in
microtubule sliding velocity in spoke-defective axonemes.
Therefore, we predicted that I1 contains a phosphoprotein
subunit that regulates dynein’s microtubule sliding activity.

138-kD Intermediate Chain Is Phosphorylated by an 
Axonemal Kinase

To determine if I1 contains candidate phosphoprotein
subunits, axonemes missing the radial spokes were incu-
bated with either [32P]ATP or ATPg35S in the buffer used
for motility. This approach was based on our previous re-
sults indicating that isolated axonemes, lacking radial
spokes, retain the kinase activity that inhibits dynein
(Howard et al., 1994). Therefore, axonemes from pf14pf28
were incubated with labeled ATP, the inner arm dyneins
were extracted and fractionated, and the fractions were
analyzed by SDS-PAGE, autoradiography, and phosphor-
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imaging. Inner arm I1 sediments as a 21S particle com-
posed of two heavy chains and three intermediate chains
with nominal masses of 140, 138, and 97 kD (Fig. 2; Pip-
erno et al., 1990; Kamiya et al., 1991; Smith and Sale, 1991;
Porter et al., 1992). The corresponding phosphorimage re-
vealed that, of the I1 subunits, only the 138-kD protein
band and an associated, slower migrating protein smear
(located between the 138- and 140-kD protein bands) in-
corporate phosphate. This is better viewed at higher mag-
nification, comparing the pattern of Coomassie-stained
protein with the phosphorimage of the same gel (Fig. 3).
The 138-kD band forms a discrete band and contains the
majority of the protein. Based on other evidence pre-
sented below, and data presented by King and Dutcher

(1997), the highly phosphorylated protein smear appears to
be a subfraction of the 138-kD protein that migrates more
slowly because of phosphorylation at sites other than the
phosphorylated residues in the discretely migrating 138-
kD band. The same results were obtained when ATPg35S
was used for labeling in place of [32P]ATP. All I1 proteins
and the radioactivity associated with them are completely
absent in axonemes from mutant cells missing I1 (pf30 or
ida1).

Using 32P-labeled pf14pf28-21S fractions, as shown in
Fig. 3 (fraction 18), Coomassie blue staining, and a stan-
dard curve of protein generated with known amounts of
phosphorylase B, the amount of protein in both the 140-
and 138-kD band (discrete lower band) was calculated.
Based on the calculated molar amounts of the two inter-
mediate chains, the 138-kD band contains 7.4–25.6%
fewer mol of protein than the 140-kD band (data not
shown). Based on the assumption that the 140- and 138-kD
intermediate chains are present at an equal stoichiometry
(Pfister and Witman, 1984; King et al., 1996), these data
suggest that 7.4–25.6% of the 138-kD intermediate chain is
altered in its electrophoretic mobility, possibly as a result
of hyperphosphorylation.

Wild-type Microtubule Sliding Requires Selective 
Dephosphorylation of Inner Arm I1

Change in phosphorylation of the 138-kD intermediate
chain subunit is the simplest explanation for regulation of
dynein’s microtubule sliding activity. To test this theory,
we predicted that reconstitution of phosphorylated I1 with
axonemes bearing wild-type spokes would result in both
selective dephosphorylation of the 138-kD intermediate
chain and coincident increase in microtubule sliding veloc-
ity. The strategy is illustrated in Fig. 4, adapted from Smith
and Sale (1992b), and involves mixing extracted inner arm
dynein, or purified I1, with isolated axonemes specifically
missing inner arm I1, as well as the outer arm dynein, but
retaining wild-type radial spokes (pf28pf30). As described
previously, in vitro reconstitution with these axonemes re-
sulted in selective structural and functional restoration of
I1 (Smith and Sale, 1992b). Therefore, after reconstitution

Figure 1. Model for regulation of Chlamydomonas flagellar dy-
nein. Diverse physiological measurements indicate inner arm dy-
nein’s microtubule sliding activity is regulated by phosphoryla-
tion involving both an axonemal cAMP-dependent kinase and
type-1 phosphatase (Habermacher and Sale, 1996). The data pre-
dicts an inner arm dynein component is phosphorylated in para-
lyzed axonemes lacking functional radial spokes, and that phos-
phorylation inhibits dynein’s microtubule sliding activity. The
model also predicts that the kinase inhibitor PKI can be used to
block phosphorylation. Thus, to identify the component, PKI-
induced change in microtubule sliding was measured in double
mutants lacking both radial spokes and subsets of inner dynein
arms. Based on this model, we predicted that microtubule sliding
of axonemes missing the regulatory inner arm component would
be unaffected by PKI.

Table I. Dynein-driven Microtubule Sliding in Presence and Absence of PKI

Cell type Missing structure Control 1PKI
Percentage of

change

%

Wild-type None 22.0 6 1.5 21.8 6 1.3 0.9

Single Mutants
pf28 Outer dynein arm 7.5 6 1.0 7.3 6 0.9 2.6
pf14 Radial spoke 11.7 6 0.9 17.2 6 1.7 47.0*
pf17 Radial spokehead 13.7 6 1.0 21.5 6 1.5 57.5*
pf18 Central pair 12.0 6 1.2 21.5 6 1.4 79.2*
ida1 I1 21.4 6 1.6 22.2 6 1.6 4.0
ida4 I2 (subset of inner arms) 17.5 6 0.8 18.1 6 1.3 3.4

Double Mutants
pf14pf28 Radial spoke and outer arm 3.5 6 0.5 5.4 6 0.8 54.3*
pf14pf30 Radial spoke and I1 arm 11.0 6 0.8 10.7 6 0.9 2.7
pf17ida2 Radial spoke and I1 arm 10.4 6 1.6 10.2 6 1.5 2.1
pf17ida3 Radial spoke and I1 arm 10.1 6 0.8 10.1 6 1.1 0.0
pf17ida4 Radial spoke and I2 arm 10.2 6 1.3 17.0 6 1.5 67.3*

*Denotes significant change between control and PKI-treated samples (t test, P , 0.01).
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with axonemes bearing wild-type radial spokes, we tested
whether the 138-kD intermediate chain specifically be-
comes dephosphorylated. In control experiments, we tested
whether ATPgS treatment of I1 or addition of phos-
phatase inhibitors selectively block dephosphorylation and
block induction of increased microtubule sliding velocity. 

The velocity of dynein-driven microtubule sliding is

greatly reduced in axonemes missing inner arm I1: micro-
tubules from control axonemes, lacking outer arms (pf28)
slid at z7.5 mm/s, whereas microtubules from pf28pf30 slid
at z4 mm/s (Fig. 5). Reconstitution of unfractionated in-
ner arm dynein extracts, derived from either pf28 or
pf14pf28, restored microtubule sliding to control velocity
(Fig. 5, compare bars 4 and 5 with bar 1; Smith and Sale,
1992a). In contrast, thiophosphorylation of the inner arm
extract, before extraction or reconstitution, blocked in-
creased microtubule sliding (Fig. 5, bar 6). Addition of the
phosphatase inhibitor microcystin-LR to the axonemes
also prevented increased microtubule sliding (Fig. 5, bar
7). The same results were obtained using purified inner
arm I1 for reconstitution: the 21S fraction restored control
microtubule sliding, and the phosphatase inhibitor micro-
cystin-LR blocked restoration of control microtubule sliding
(Fig. 6). Based on analysis by gel electrophoresis, neither
thiophosphorylation nor phosphatase inhibitors altered
the precision or specificity of structural rebinding of I1 to
isolated axonemes (data not shown). Therefore, the lack
of restored microtubule sliding activity, after these treat-
ments, was specifically due to phosphorylation of I1.

Wild-type Microtubule Sliding
Requires Dephosphorylation of the 138-kD 
Intermediate Chain

These results are consistent with a model in which dephos-
phorylation of a component of I1, probably the 138-kD in-
termediate chain, is required for wild-type dynein-driven
motility. To test whether wild-type motility requires de-
phosphorylation of the 138-kD protein, isolated axonemes
from pf14pf28 were incubated with [32P]ATP to phosphor-
ylate the inner arm dynein fraction before salt extraction.
The labeled inner arm dynein fraction was then solubilized
and either used directly for reconstitution or fractionated
on sucrose gradients for purification of I1 before reconsti-
tution. Reconstitution was performed as described above,
either in the absence or presence of the phosphatase inhib-
itor microcystin-LR, using axonemes missing the outer dy-
nein arms and inner arm I1 (pf28pf30). After reconstitution,
axonemes were sedimented through a sucrose cushion and
prepared for gel electrophoresis and phosphorimager analy-

Figure 2. Electrophoretic separation of fractions from a portion
of a sucrose gradient used to purify I1. The fractions were ar-
ranged with the direction of sedimentation from left to right. (A)
Coomassie-stained SDS-PAGE electrophoretogram of pf14pf28
high salt extract. Inner arm I1 sediments as a 21S particle and is
composed of two heavy chains (not resolved in this gel) and three
intermediate chains with masses of 140, 138, and 97 kD. (B) The
corresponding phosphorimage demonstrates that the 138-kD in-
termediate chain (and associated protein smear) is the only I1
component labeled. The same conclusions were drawn in parallel
experiments using [35S]ATPgS.

Figure 3. Higher magnification comparison of the (A) Coomassie
staining and (B) 32P-incorporation in the 138/140-kD molecular
mass region of the I1 inner dynein arm reveals that the 138-kD
intermediate chain and a minor smear of protein, migrating be-
tween the 140-kD intermediate chain and the 138-kD band (w),
is phosphorylated. The 140-kD intermediate chain is not phos-
phorylated. A phosphorylated protein of 133 kD (m) also sedi-
ments in the 21S region of the sucrose gradient, but is not a com-
ponent of the I1 inner arm.
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sis. The advantage of the first experiment, using the un-
fractionated extract, is that all radioactive proteins that
rebind to the axoneme can be compared. We predicted
that among the phosphoproteins that rebind to the iso-
lated axonemes, only the critical component, presumably

the 138-kD protein, would become dephosphorylated.
Furthermore, we predicted the phosphatase inhibitor mi-
crocystin-LR would block dephosphorylation.

The results of this experiment are illustrated in Fig. 7,
and, as predicted, recombination of the I1-containing ex-
tract with axonemes bearing radial spokes resulted in se-
lective loss of radioactivity in the 138-kD intermediate

Figure 4. Strategy for selective reconstitution of
inner arm I1 with axonemes from pf28pf30 that
lack outer dynein arms and inner arm I1. Inner
arm dyneins are solubilized from axonemes miss-
ing outer arms (pf28 or pf14pf28) and extracts
used either directly for reconstitution or first
used to purify I1 by sucrose gradient sedimenta-
tion. After reconstitution with pf28pf30 ax-
onemes, axonemes were analyzed using the slid-
ing disintegration assay or prepared for gel
electrophoresis.

Figure 5. Restoration of wild-type inner arm microtubule sliding
requires dephosphorylation of an I1 inner arm component. Slid-
ing disintegration assay was performed on: (1) unextracted pf28
axonemes (pf28), (2) unextracted pf28pf30 axonemes (pf28pf30),
(3) microcystin-LR–treated pf28pf30 axonemes (pf28pf301Micro),
(4) pf28 inner arm extract reconstituted onto pf28pf30 axonemes
(pf28pf301pf28ex), (5) pf14pf28 inner arm extract reconstituted
onto pf28pf30 axonemes (pf28pf301pf1428ex), (6) thiophosphor-
ylated pf14pf28 inner arm extract reconstituted onto pf28pf30 ax-
onemes (pf28pf301pf1428-Thioex), and (7) pf14pf28 inner arm
extract reconstituted onto microcystin-LR–treated pf28pf30 ax-
onemes (pf28pf301pf1428ex1Micro).

Figure 6. Dephosphorylation of isolated inner arm I1 is required
for restoration of wild-type inner arm microtubule sliding. The
sliding disintegration assay was performed on: (1) unextracted
pf28 axonemes (pf28), (2) unextracted pf28pf30 axonemes
(pf28pf30), (3) microcystin-LR–treated pf28pf30 axonemes
(pf28pf301Micro), (4) purified pf14pf28 inner arm I1 from a su-
crose gradient reconstituted onto pf28pf30 axonemes (pf28pf301
1428-21S), and (5) purified pf14pf28 inner arm I1 from a sucrose
gradient reconstituted onto microcystin-LR–treated pf28pf30 ax-
onemes (pf28pf3011428-21S/1Micro).
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chain proteins compared with the experimental fraction
treated with microcystin-LR. In comparisons of phosphor-
images of untreated and microcystin-LR-treated samples,
the phosphate content in the 138-kD proteins is specifi-
cally affected (Fig. 7 A). However, as described below in
more detail, the slower migrating fraction (w) of the 138-kD
proteins appeared to lose a greater fraction of radioactiv-
ity compared with the fraction migrating with the 138-kD
band. As illustrated in the accompanying graph (Fig. 7 B),
phosphate content is not affected for any other protein
and precisely the same phosphoproteins rebind to ax-
onemes whether or not microcystin-LR was added. Analy-
sis of Coomassie-stained gels indicated an equal amount of
extracted proteins rebound to axonemes irrespective of
addition of microcystin-LR (data not shown).

The same reconstitution experiment was repeated using
purified I1. The results also revealed that, in the absence
of microcystin-LR, reconstitution of I1 with radial spoke–
bearing axonemes resulted in partial loss of radioactivity,
predominantly from the upper, slower migrating fraction
of the 138-kD proteins (Fig. 8). Again, analysis of Coo-
massie-stained gels indicated that the same amount of I1
proteins bound to the axoneme. The simplest interpreta-
tion of the data is that phosphorylation of inner arm I1 by
an axonemal kinase results in selective phosphorylation of
a fraction of the 138-kD intermediate chain and leads to a
slower migration of the protein. Reconstitution of the I1
fraction with axonemes bearing radial spokes results in de-
phosphorylation of the 138-kD protein.

Discussion

Regulation of Flagellar Microtubule Sliding
by Inner Arm Dynein I1 and Phosphorylation of the 
138-kD Intermediate Chain

We previously demonstrated that flagellar dynein’s micro-
tubule sliding activity is regulated by the radial spokes and
that the regulatory mechanism involves an axonemal cAMP-
dependent kinase, type-I phosphatase, and an unknown
inner arm dynein component (Habermacher and Sale,
1996; see Fig. 1). We now report that inner arm dynein
subform I1 is a key element in regulation of flagellar mi-
crotubule sliding activity. I1 is required for PKI-induced
increase in microtubule sliding velocity. For all mutant ax-
onemes in which I1 was missing, microtubule sliding veloc-
ity did not change after addition of PKI (Table I). The sim-
plest interpretation is that I1 is required for changes in
microtubule sliding and that the crucial alteration to I1 in-
volves change in phosphorylation of a regulatory subunit.
This conclusion is supported, in part, by reconstitution ex-
periments in which ATPgS pretreatment of inner arm dy-
nein extracts, before the reconstitution with axonemes
specifically lacking I1, blocks restoration of wild-type mi-
crotubule sliding. This inhibition of sliding occurs despite
the presence of wild-type radial spokes, and suggests that
dephosphorylation of I1 is required for restoration of wild-
type microtubule sliding. Therefore, we focused exclu-
sively on analysis of I1 and assessed the phosphorylation

Figure 7. The 138-kD intermediate chain is se-
lectively dephosphorylated after reconstitution
of phosphorylated inner arm extracts with
pf28pf30 axonemes. (A) Phosphorimage analy-
sis of SDS-PAGE electrophoretogram of 32P-la-
beled pf14pf28 high salt extract reconstituted
with pf28pf30 axonemes in the presence (1) and
absence (2) of microcystin-LR. (B) A compari-
son of the total counts in A as a function of pro-
tein position from top to bottom. The solid line
(——) represents control labeling and the
dashed line (-----) represents labeling in the pres-
ence of microcystin-LR. For comparison, a non-
dynein, z130-kD phosphoprotein (u) is not af-
fected by microcystin-LR after reconstitution.
These data indicate that the region above the
138-kD intermediate chain (w), as well as the
138-kD intermediate chain itself, are selectively
dephosphorylated after reconstitution with
pf28pf30 axonemes.
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of I1 proteins under conditions used for measurement of
microtubule sliding.

Discovery that I1 is a key regulatory element for flagellar
motility is consistent with the earlier observation that al-
terations in I1, or assembly of I1, can suppress paralysis
in flagellar mutants with defective central pair apparatus
(Porter et al., 1992). Furthermore, the magnitude of PKI-
induced increase in the velocity of microtubule sliding, in
axonemes containing outer arm dynein but missing the
spokes, indicates outer arm dynein activity is also regu-
lated by change in phosphorylation of an axonemal com-
ponent. We do not know whether outer arm activity is
independently regulated as demonstrated by others (Ha-
masaki et al., 1989, 1991; Barkalow et al., 1994; see also
King and Witman, 1994; King and Patel-King, 1995). How-
ever, it is clear that PKI-induced effects on outer arm ac-
tivity, in the absence of radial spokes, require the presence
of inner arm dynein I1 (Table I). It is possible I1 alters
outer arm dynein activity through mechanical interaction.

To determine physiologically significant sites of phos-
phorylation, axonemes lacking radial spokes were incu-
bated in either [32P]ATP or ATPg35S in motility buffer.
Paralyzed, spoke-defective axonemes were used based
upon the hypothesis that microtubule sliding is inhibited
in these axonemes as a result of phosphorylation of the
critical inner dynein arm component (Habermacher and
Sale, 1995, 1996; Fig. 1). Therefore, we predicted para-
lyzed axonemes would contain the phosphorylated regula-
tory protein. The only I1 subunit to become phosphory-
lated, or thiophosphorylated, under these conditions was
the 138-kD intermediate chain. The 138-kD subunit al-
ways copurified with other I1 subunits as a 21S sediment-
ing particle or in the “f” fraction separated by Mono-Q
chromatography, and it was missing in isolated axonemes
in ida1, ida2, and ida3 (compare with Goodenough et al.,
1987; Kamiya et al., 1991; Smith and Sale, 1991; Porter et al.,
1992; Gardner et al., 1994). Thus, the evidence is compel-
ling that the 138-kD phosphoprotein is an intermediate
chain of I1, as well as the only phosphoprotein subunit.

Phosphorylation of the 138-kD protein appears to be
complex and results in change in migration of a subset of
the protein when analyzed by SDS-PAGE. As illustrated
in Fig. 2 and discussed in the studies by King and Dutcher
(1997), most of the protein of 138 kD runs as a discrete
band with a nominal mass of 138 kD. However, a smaller,
minor fraction migrates more slowly as a smear of highly
phosphorylated protein. As described in Results, and as-
suming equal stoichiometry of the intermediate chains,
quantitative comparison of the molar fraction of the 140-
and 138-kD intermediate chains by densitometry indicated
that z10% of the 138-kD protein from pf14pf28 axonemes
may migrate with altered electrophoretic mobility. The
simplest interpretation is that the electrophoretic migra-
tion of this subset of 138 kD is altered by phosphorylation.
Consistent with this interpretation is the observation that
in vitro treatment of the fraction with various phospha-
tases results in loss of the minor, slowly migrating compo-
nent with a corresponding increase in the amount of pro-
tein in the 138-kD band (King and Dutcher, 1997). In
preliminary studies, we also found that the amount of pro-
tein in the discretely migrating 138-kD band is increased
upon treatment of the 21S fraction with a purified type-1

phosphatase. Furthermore, reconstitution experiments us-
ing 32P-labeled 138 kD resulted in a greater loss in radioac-
tivity in the slower migrating fraction compared with that
of the 138-kD band (Fig. 8). 

Together, these data indicate that the slowly migrating
fraction of the 138 kD is a consequence of phosphorylation
of additional specialized residues. The pattern of dephos-
phorylation induced by recombination with axonemes
bearing radial spokes, and the corresponding changes in
dynein activity, suggest that the highly phosphorylated mi-
nor fraction is responsible for inhibition of microtubule
sliding. Based on the scheme proposed in Fig. 1, dephos-
phorylation of these residues must occur for wild-type mi-
crotubule sliding or induction of wild-type motility. Con-
sistent with this model is the observation that wild-type
axonemes do not display a prominent smear of protein
above the 138-kD band (King and Dutcher, 1997). These
results suggest that a relatively small amount of highly
phosphorylated 138-kD protein, found in the smeared re-
gion above the 138-kD band, is sufficient to inhibit flagel-
lar dynein activity throughout the axoneme. It is possible that
small numbers of phosphorylated I1, distributed evenly
among the doublet microtubules, are sufficient to alter the
activity of the remaining flagellar dyneins: we have never
observed graded microtubule sliding velocity (see Ha-
masaki et al., 1995). Alternatively, it is possible that a
phosphorylated subset of I1 is asymmetrically distributed
along or among the doublet microtubules or between the
cis and trans flagella. Localization of the phosphorylated
subset of I1 will distinguish these possibilities. The distin-
guishing feature of this subset of I1 may be the location of
the kinase and phosphatase that regulate I1. For example,
although I1 may be evenly distributed throughout the ax-
oneme, these regulatory enzymes may be associated with
only a select subset of I1 complexes (see Discussion be-
low).

In vitro microtubule translocation assays using purified
I1 may also help to distinguish models that show how
phosphorylated I1 alters microtubule sliding. However,
use of such assays with purified I1 has resulted in either
failure of movement or translocation of microtubules at

Figure 8. The 138-kD intermediate chain is dephosphorylated af-
ter reconstitution of labeled purified I1 with pf28pf30 axonemes.
(Lanes 1–6) Autoradiograph of three separate experiments in
which 32P-labeled 21S fraction from pf14pf28 was reconstituted
onto pf28pf30 axonemes in the presence (lanes 2, 4, and 6) and
absence (lanes 1, 3, and 5) of microcystin-LR. The shifted region
above the 138-kD intermediate chain (w) and the 138-kD inter-
mediate chain itself are the only phosphoproteins in the 21S frac-
tion that bind to pf28pf30 axonemes. The shifted region above
the 138-kD intermediate chain (w) is greatly dephosphorylated
after reconstitution with pf28pf30 axonemes, and this dephosphor-
ylation is blocked by microcystin-LR.
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velocities significantly slower than all other isolated dy-
neins (Smith and Sale, 1991; Kagami and Kamiya, 1992).
In vitro microtubule translocation assays may not be ap-
propriate for the analysis of isolated I1. However, based
on the results reported in this paper, it is also possible that
I1 failed to induce microtubule translocation because of
phosphorylation of the 138 kD.

Structural Association of the Axonemal Kinase and 
Phosphatase with Inner Arm I1

The in vitro measurement of dynein-driven microtubule
sliding using isolated axonemes indicated the cAMP-
dependent kinase and type-1 phosphatase are tightly asso-
ciated with the axoneme (Howard et al., 1994; Haberma-
cher and Sale, 1996). The basis for this conclusion includes
physiological studies of isolated, washed axonemes in
which all membrane and matrix components are removed
before assay. Predictably, therefore, the regulatory sub-
unit must be structurally associated with the catalytic do-
main of the kinase and phosphatase.

One hypothesis, based on structural and biochemical
analysis of the 78-kD intermediate chain of the outer dy-
nein arm (King and Witman, 1990; King et al., 1991), is
that the 138-kD intermediate chain is located at the site at
which I1 attaches to the doublet microtubule. This posi-
tion is in close proximity to the base of the radial spokes
and the drc (Piperno et al., 1992, 1994; Gardner et al.,
1994). Therefore, predictably the kinase and/or the phos-
phatase are components of or closely associated with the
spokes or the drc, exactly in position to affect changes in
phosphorylation of the 138-kD intermediate chain. As de-
scribed above, the kinase and phosphatase may be associ-
ated with only a subset of I1 complexes located in func-
tionally significant positions along or among the flagellar
microtubules. We are currently testing this hypothesis.

Physiological Role of I1 for Flagellar Motility

Although these data strongly indicate that flagellar dynein
activity can be regulated by the radial spokes and through
change in phosphorylation of the 138-kD intermediate
chain, the relationship of changes in microtubule sliding to
flagellar bending remains unclear. The microtubule sliding
assay does not directly address the role of the radial spokes
or I1 in flagellar motility. However, based on studies of
others, we postulate that the radial spokes and inner dy-
nein arms play a role in regulation of waveform (Brokaw
and Kamiya, 1987; Brokaw, 1994). A variety of observa-
tions indicate a specialized role for I1 in the regulation of
motility. First, in mutants lacking I1, waveform is modified
compared with that of wild type (Brokaw and Kamiya,
1987). Second, in the absence of outer arms, microtubule
sliding velocity is greatly reduced when I1 is missing
(Kurimoto and Kamiya, 1991; Smith and Sale, 1992b).
Third, microtubule translocation, induced in vitro with pu-
rified I1, is ineffective compared with dynein from other
sources (Smith and Sale, 1991; Kagami and Kamiya, 1992).
Fourth, mutations in I1 suppress paralysis of certain cen-
tral pair mutants (Porter et al., 1992).

These data are consistent with a model in which changes
in waveform are a consequence of modification of the pat-
tern of microtubule sliding (Brokaw and Kamiya, 1987;

Brokaw, 1994; Kamiya, 1995). Predictably, modulation of
I1’s microtubule sliding activity plays a central role. I1 ac-
tivity also appears to be involved in a signal cascade that
results in waveform changes during phototaxis. The basis
for this conclusion includes results from King and Dutcher
(1997) in the study of behavioral mutants that failed to
properly undergo phototaxis. Using a sensitive fraction-
ation procedure, King and Dutcher (1997) discovered in
some of these mutants that the migration of the 138-kD in-
termediate chain is modified and that modification can be
overcome by treatment of the fraction with phosphatases.
The simplest model is that, in the sequence of events lead-
ing to modification of waveform, changes in phosphoryla-
tion of the 138-kD intermediate chain are a required step.
Diverse and compelling evidence also indicates that flagel-
lar waveform in Chlamydomonas is regulated by calcium
(Bessen et al., 1980; Omoto and Brokaw, 1985). The mech-
anism for calcium-induced changes is not understood.
However, based on data that I1 plays a role in regulation
of waveform, it is possible that calcium affects the state of
phosphorylation of the 138-kD intermediate chain. The
mechanism could either involve direct effects of calcium
on I1 or on the enzymes that modulate phosphorylation of
the 138-kD subunit or a cascade involving other enzymes
(Tash and Bracho, 1994; Walzak and Nelson, 1994; Chaudhry
et al., 1995).
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