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Regulation of Dynein-Driven Microtubule Sliding 
by the Radial Spokes in Flagella 

Elizabeth F. Smith and Winfield S. Sale 
The regulation of microtubule sliding in flagellar axonemes was studied with the use of 
Chlamydomonas mutants and in vitro assays. Microtubule sliding velocities were dimin- 
ished in axonemes from mutant cells missing radial spoke structures but could be restored 
upon reconstitution with dynein from axonemes with wild-type radial spokes. These ex- 
periments demonstrate that the radial spokes activate dynein's microtubule sliding activity. 

Dyneins are a family of adenosine triphos- 
phatases that cause microtubule sliding in 
ciliary and flagellar axonemes (1-3) and 
directed vesicle transport along cytoplasmic 
microtubules (4). Although much is known 
about the structure and action of axonemal 
dyneins (5), little is known about how their 
activity is regulated or how active microtu- 
bule sliding is translated into principal and 
reverse bends. Because dynein generates 
force in a sinele direction relative to micro- - 
tubule polarity (6 ) ,  and because variation 
in microtubule sliding along the length of 
the axoneme appears to generate bends (3, 
7), dynein-driven microtubule sliding must 
be regulated spatially and temporally. 

Structural (8) and genetic (9) evidence 
implicates the radial spokes as regulatory 
components. The spokes are protein com- 
plexes (10, 11) that attach to each doublet 
microtubule immediately adjacent to the 
inner row of dynein arms and project cen- 
trally (Figs. 1 and 2A). Mutants of the 
biflagellate alga Chlamydomonas that are 
deficient in radial spokes either are para- 
lyzed or have altered motility (9, 11). Cer- 
tain suppressor mutations that bypass the 
requirement of normal radial spokes for 
motility contain defects in the dynein arms 
(12, 13). To test the hypothesis that radial 
spokes interact with dynein, we analyzed 
microtubule sliding velocities in isolated - 
axonemes from mutant strains of Chlamy- 
domonas. 

In the sliding disintegration assay (14), 
flagellar axonemes are isolated, treated with 
protease, and exposed to adenosine triphos- 
phate (ATP) that induces the doublet mi- 
crotubules to slide apart in a telescoping 
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fashion (15-17). Thus, dynein-induced 
doublet microtubule sliding velocities can 
be uncoupled from flagellar bending and 
quantified in both paralyzed and motile 
mutants (1 8, 19). Altered sliding velocities 
would reflect an interaction between spokes 
and dynein. We found that the spokeless 
mutant (pf14, which had paralyzed flagella) 
had sliding velocities (2.0 -+ 0.9 pmls, n = 
51) that were significantly slower (P < 
0.001) than those of wild type (6.1 -+ 1.4 
p d s ,  n = 34) (15). Therefore, in the 
absence of the radial spokes dynein (either 
inner or outer arms) is apparently not as 
efficient in translocating the doublet micro- 
tubules. 

We focused our study on the inner dy- 
nein arms because they are necessary and 
sufficient for motility (1 8) and have features 
that suggest they might be targets of regu- 
lation (13, 19-21). The three subtypes of 
inner dynein arms are located in distinct 
positions in the axoneme, perhaps indicat- 
ing functional specialization (20). Several 
inner arm components are phosphoproteins 
(21), and defects in phosphorylation may 
suppress paralysis in mutants without radial 
spokes (13). The spokes are also located 
immediately adjacent to the inner dynein 
arms, perhaps providing direct structural 
interactions. Finally, the inner dynein arms 
can be structurally and functionally recon- 
stituted in vitro (1 9), which provides a new 
experimental approach for the exchange of 
dynein arms on axonemes of distinct com- 
position. 

We compared the sliding velocities of a 
mutant without outer dynein arms, pf28 
(motile flagella), with those of a mutant 
that lacks both radial spokes and outer 
dynein arms, pf14pf28 (immotile flagella) 
(Fig. 2). Axonemes from pf14pf28 had sig- 

nificantly (P < 0.001) slower sliding veloc- 
ities (15) (0.5 * 0.2 pm/s, n = 42) than 
pf28 axonemes (1.3 2 0.5 pm/s, n = 43), 
indicating that the presence or absence of 
spokes affects the microtubule-translocating 
efficiencv of the inner dvnein arms. To 
determine whether dynein was activated 
through a modification induced by the 
spokes, we used an in vitro reconstitution 
system (1 9) to switch the inner dynein arms 
of pf28 axonemes with those of pf14pf28 
axonemes. 

Reconstitution experiments with inner 
dynein arms that had (in pf28) or had not 
(in pf14pf28) been exposed to spokes indi- 
cated that the radial spokes induced a mod- 
ification of the inner dynein arms that was 
maintained in the subsequent absence of 
radial spokes (Table 1). Both pf28 and 
pf14pf28 axonemes reconstituted with their 
respective extracts slid at their original 
velocities, indicating that the extraction 
and reconstitution procedure did not by 
itself induce any changes in dynein activity. 
Extracted axonemes from pf28 reconstitut- 
ed with inner arms from pf14pf28 slid at the 
velocitv of intact bf28 axonemes. Further- 
more, kxtracted axonemes from pf14pf28 
reconstituted with inner arms from pf28 
also slid at the velocity of intact pf28 
axonemes. Therefore, the inner dynein 
arms from pf28 exposed to radial spokes 
remain in an activated state after extraction 
and reconstitution without the radial 
spokes. 

Similar results were obtained in a potas- 
sium acetate (KCH,COO) buffer (Table 
l), which was reported to produce micro- 
tubule sliding velocities that closely parallel 
those calculated for beating, reactivated 
axonemes (22). Although all sliding veloc- 
ities increased, their relative differences 
were not affected. 

The increased sliding velocity of 
pf14pf28 axonemes reconstituted with inner 

Fig. 1. Electron micrograph of axonemal cross 
section from wild-type Chlamydomonas flagella 
indicating the doublet microtubules (dm), outer 
(oda) and inner (ida) dynein arms, central pair 
of microtubules (cp), and radial spokes (sp). 
Axonemes were isolated and prepared for elec- 
tron microscopy as described in (19). Scale 
bar, 100 nm. 
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Table 1. Microtubule sliding velocities (in micrometers per second) of axonemes induced by 1 mM ATP; ex, dynein-containing high-salt extract; exax, 
high-salt extracted axonemes. 

Cell type of Reconstituted with inner arms from Reconstituted with inner arms from 

axoneme NaCl buffer KCH3CO0 buffer pf28 ex (n) pf14pf28 ex (n) 

source (4 ( n) 
NaCl buffer KCH3CO0 buffer NaCl buffer KCH,COO buffer 

arms from pf28 was not due to dynein arms possibility seemed unlikely (1 9), we exam- reattached solely to inner arm positions and 
binding to extraneous positions on the ex- ined the reconstituted axonemes by elec- did not bind to any inappropriate positions 
tracted pf14pf28 axonemes. Although this tron microscopy. The inner dynein arms even at supersaturating ratios of dynein to 

axonemes. Addition of excess amounts of 
inner dynein arms did not result in in- 
creased sliding velocities in the sliding dis- 
integration assay (Fig. 3). At ratios of 
dynein to axonemes of 2: 1, 4: 1, and 10: 1 
no significant differences were found in 
sliding velocity, and in no case did mean 
sliding velocities exceed that of pf28 ax- 
onemes (Fig. 3). 

The increased sliding velocity of the 
reconstituted pf14pf28 axonemes was not 
due to transfer of the "activating factor" 
(spoke components and enzymes) in ex- 
tracts from the pf28 axonemes onto the 

L-: 
pf14pf28 axonemes. In both sodium chlo- 
ride (NaCl) and KCH3CO0 buffers, the 
doublet microtubules of pf28 extracted ax- 
onemes reconstituted with pf14pf28 inner 
dynein arms had rapid sliding velocities 
(Table I), indicating that the dynein acti- 

Ratio of dynein : -8 vator remained associated with extracted 
~ i g .  3. Microtubule sliding velocities for pf28 pf28 axonemes- This experiment also re- - (shaded), pf14pf28 (white), and pf14pf28 vealed that the pf14pf28 inner arm dyneins 
(hatched) extracted axonemes reconstituted can induce the more rapid sliding velocities 

Fig. 2. Electron micrographs of longitudinal sec- with dynein from pi28 axonemes. Reconstitution characteristic ofpf28 axonemes when these 
tions through (A) pf28 and (B) pf14pf28 ax- and sliding disintegration were performed as dyneins have been exposed to the radial 
onemes. The inner arm organization (arrow- described (15). The ratios of dynein to extracted spokes. ~ h ~ ~ ~ f ~ ~ ~ ,  there is no inherent 
heads) of pf14pf28 does not differ from that of axonemes are based on fixed volume ratios at defect in the inner arms of pf14pf28 that pf28 (10,20,23). Arrows indicate radial spokes. initial protein concentrations of axonemes of 0.5 
Cp, central pair of microtubules. Bar, 100 nm. mgtml (19). Vertical lines above bars, SEM. for the 'low micro- 

tubule sliding velocities. 
Differences in microtubule sliding veloc- 

Table 2. Microtubule sliding velocity of nagarse-treated mutant axonemes induced by 1 mM ATP. ities were a differences 
in inner arm composition associated with 

Velocity pm/s (n) Velocity pm/s (n) flagella of varying length (20). Short flagel- 
Cell type Missing structure NaCl buffer K acetate buffer la such as those in pf14pf28 are missing 

inner arm heavy chain 3' and contain a 
Strains with normal spokes 

137c None 6.1 2 1.4 (34) 12.1 + 2.9 (19) reduced amount of heavy chain 2, com- 

pf28 Outer dynein arms 1.3 + 0.5 (43) 2,7 + 0,5 (22) pared with those in pf28 (20): To test the 
pf 1 3A (20) Outer dynein arms, 1.9 + 0.8 (1 7) 2.8 + 1.2 (17) possibility that this difference in composi- 

inner arm heavy tion resulted in slow microtubule sliding 
chain 3' velocities, we assayed sliding disintegration 

sup-pfl ( 12) Suppressor 6.4 + 1.6 (20) 13.0 + 3.4 (21) with a paralyzed mutant (pfl3A) that lacks 
Strains with defective spokes 

pf14 (1 1) Spokes 2.0 + 0.9 (51) 5.6 + 1.4 (18) outer dynein arms, contains radial spokes, 

pf14pf28 (20) Spokes, outer arms 0.5 + 0.2 (42) + 0,3 (23) has the identical inner arm heavy chain 
pfl (11) Spokeheads 2.9 + 1.4 (27) 4.8 + 1.6 (28) composition as pfl4pf28, and has short 
pf17 (10) Spokeheads 2.4 + 0.9 (20) 4.3 + 1.7 (22) flagella. In the NaCl buffer the pfl3A ax- 
pf27 (lo) Unphosphorylated* 1.2 + 0.5 (23) 4.5 + 1.4 (25) onemes slid at slightly faster velocities than 
sup-pf 1 pf 1 7 ( 12) Spokeheads, 4.9 2 1.5 (23) 6.5 k2.0 (23) pf28 axonemes, and in the KCH3CO0 

suppressor mutation buffer velocities of pf13 and pf28 were al- 
'Certain radial spoke proteins that are normally phosphorylated are not phosphorylated in this mutant (10). most the same (Table 2). Therefore, the 
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slow microtubule sliding velocities in 
pf14pf28 are not due to the lack of inner 
arm heaw chain 3'. 

We tested whether inner arm heavy 
chain 3' was the activating factor by recon- 
stituting pf14pf28 axonemes with inner 
arms from pfl3A. The resulting sliding 
velocities were not significantly different 
from those obtained with extracts from pf28 
axonemes (1.5 k 0.3 pmls, n = 14 in 
NaC1; 2.4 k 0.7 ~ m l s ,  n = 29 in 
KCH,COO) . Because the only difference 
between pfl3A and pfl4pf28 is the presence 
or absence of s~okes. our results with ex- 
tracts from pf28.canndt be explained by the 
contribution of a subset of inner arms from 
pf28 axonemes. 

Our interpretation is that the spokes 
activate the inner dvnein arms bv a modi- 
fication that survives high salt extraction 
and dialvsis reauired for reconstitution. 
[Certain inner arm subforms may be differ- 
entiallv affected (20) .1 This inter~retation , . 
was s"pported b i  comparison df sliding 
velocities of other axonemes defective for 
radial spokes (those of pfl4, pfl, pf17, and 
pf27) with wild-type axonemes (those of 
1 3 7 ~ ) .  Axonemal microtubules from all of 
these mutants slid at one-half to one-third 
the velocity of wild-type microtubules in 
both buffer conditions (Table 2), indicating 
that reduced microtubule sliding velocities - 
are not unique to the pf14 mutation and 
that the outer arms cannot overcome the 
inactivation caused by the lack of radial 
spokes. Outer dynein arm activity might 
also be affected by the spokes in wild-type 
axonemes, as suggested by an unusual class 
of suppressor mutants (sup-pfl) in which 
the requirement of radial spokes for move- 
ment is bypassed by a defect in the beta 
heavy chain of the outer dynein arms (12). 
Calculations of sliding velocities (12) and 
those measured from sliding disintegration 
(those of pf17, compared with those of 
sup-pflpfl7 and sup-pfl, Table 2) indicate 
that the suppressor mutation increases mi- 
crotubule sliding velocities in the absence 
of the spokes. Our results indicate activa- 
tion of dynein-induced microtubule sliding 
activity by the radial spokes. 
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NMR Determination of Residual Structure in a 
Urea-Denatured Protein, the 434-Repressor 

Dario Neri,* Martin Billeter, Gerhard Wider, Kurt Wijthricht 
A nuclear magnetic resonance (NMR) structure determination is reported for the poly- 
peptide chain of a globular protein in strongly denaturing solution. Nuclear Overhauser 
effect (NOE) measurements with a 7 molar urea solution of the amino-terminal 63-residue 
domain of the 434-repressor and distance geometry calculations showed that the poly- 
peptide segment 54 to 59 forms a hydrophobic cluster containing the side chains of 
Val56, Trp58, and Leu59. This residual structure in the urea-unfolded protein is related to 
the corresponding region of the native, folded protein by simple rearrangements of the 
residues 58 to 60. Based on these observations a model for the early phase of refolding 
of the 434-repressor(1-63) is proposed. 

Investigations of proteins in strongly dena- 
turing solution are of general interest rela- 
tive to the protein folding problem (1, 2). 
For example, strongly denaturing solutions 
are often used as the "random-coil" refer- 
ence state in refolding studies, and residual 
nonrandom structure found under such 
conditions might be indicative of nucle- 
ation sites for the refolding Drocess. Struc- -.  
ture determinations of partially or fully 
unfolded polypeptides are intrinsically diffi- 
cult, and structural data on such species are 
scarce. Here we use the NMR method that 
is now in widesvread use for studies of 
native, folded pro;eins (3, 4) for a structure 
determination of the urea-unfolded form of 
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the amino-terminal 63-residue domain of 
the 434-repressor. 

For a polypeptide consisting of the ami- 
no-terminal residues 1 to 69 of the 434- 
repressor, which includes the DNA-binding 
domain (5), the three-dimensional struc- 
ture has been determined at high resolution 
by x-ray diffraction in single crystals (6) and 
by NMR in solution (7). The same molec- 
ular architecture with five a helices was 
observed in the crystals and in solution, and 
in both states the carboxyl-terminal peptide 
of residues 64 to 69 was found to be un- 
structured. Initial studies of urea denatur- 
ation showed that the native, folded form 
and an unfolded form coexist over a wide 
range of urea concentrations at pH 4.8 and 
18°C (8). In the absence of urea, only the 
NMR spectrum of the folded protein is 
seen. In 4.2 M urea, the two forms are 
present in equal concentrations and have 
an exchange life time of - 1 s. In 7 M urea, 
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