








Figure 3. Binding of mutant forms of RSP3 to axonemes in vitro. 
(a) This diagram shows the RSP3 mutations used in the axoneme 
binding assay and their binding to axonemes. Construct names de- 
note the amino acids of RSP3 that were deleted (tt) or fused to RSP6 
(P6, ----). The shaded area delineates amino acids 42-85, the ap- 
proximate boundaries of the axoneme binding domain. All of the 
mutant polypeptides remained soluble in reticulocyte lysate in the 
absence of axonemes. Ranges for binding of test proteins to 2.5 
#g/#l of axonemes relative to full length RSP3 are: ++,  80-100%; 
+, 25-75 %; - ,  0-20%. (b) These autoradiograms show the distri- 
bution of the indicated RSP3 deletions or fusion proteins between 
the pellet (P) and supernatant (S) after incubation with 2.5 #g/#l 
of pfl4 axonemes. Each panel is cropped to show only the test 
protein. 

were done by testing the binding of a series of carboxy- 
terminal truncations of RSP3 (Fig. 3). Even the smallest of 
these truncated proteins, consisting of only the amino- 
terminal 91 (of516 total) amino acids of RSP3, bound topf14 
axonemes (Fig. 3, A92/516), suggesting that an axoneme 
binding domain is present within this fragment. To further 
define the binding domain, RSP3 from which the first 41 
amino acids had been deleted, was tested and shown to bind 
topfl4 axonemes (Fig. 3, A1/41), suggesting that amino acids 
42-91 are sufficient for binding. Some small deletions in this 
domain had no detectable effect on binding (e.g., Fig. 3, 
A67/72), but the deletion of amino acids 64-77 reduced 
binding activity substantially (Fig. 3, A64/77). RSP3 lack- 
ing amino acids 18-87 had no binding activity (Fig. 3, 
338/87). In addition to demonstrating the importance of 
these amino acids in binding, the latter construct also shows 
that the amino terminus is the only region of RSP3 with the 
ability to bind axonemes. 

To confirm that the putative axoneme binding domain was 
sufficient for attachment to the axoneme, a chimeric protein 
consisting of the amino-terminal 85 amino acids of RSP3 
fused to RSP6 was assayed for binding. RSP6, a radial spoke 
polypeptide located in the spoke head, does not, by itself, 
bind to axonemes (Fig. 3, RSP6); however, the fusion protein 
binds to axonemes (Fig. 3, 1/85-P6). The fusion protein con- 
sisting of amino acids 42-85 of RSP3 and RSP6 also binds 
to axonemes (Fig. 3, 42/85-P6), though not as well as full 
length RSP3, indicating that these amino acids contain much 
of the structure necessary for binding. Amino acids 1-27 of 
RSP3 conferred no binding to RSP6 (Fig. 3, 1/27-P6). 
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Figure 4. Restoration of motility to pfl4 cells following transforma- 
tion with various RSP3 constructs. The constructs diagrammed 
were transformed into pfl4 cells and the swim rate of the transfor- 
mants was measured. Construct names denote the amino acids 
deleted from the encoded RSP3. The shaded area delineates amino 
acids 42-85, the approximate boundaries of the axoneme binding 
domain. Swim rates listed are the means of 30 cells reported as 
#m/s 5: standard deviation. NS indicates that no swimming cells 
were found. 

In Vivo Analysis o f  RSP3 Deletions 

To determine whether the axoneme binding domain iden- 
tiffed in vitro was necessary for spoke binding and function 
in vivo, mutagenized RSP3 clones were used to transform 
pfl4 cells and transformants were assayed for motility. Previ- 
ous work had shown that transformation ofpfl4 with a 6.6-kb 
genomic clone including the gene for RSP3 restores wild- 
type motility to the paralyzed cells (Diener et al., 1989). 
Likewise, preliminary experiments showed that a "minigene; 
consisting of the RSP3 cDNA flanked by ,,0665 and 380 kb 
of 5' and 3' genomic RSP3 sequence, could restore radial 
spokes and flagellar motility to pfl4 cells (Figs. 4-6). When 
transformation of the Chlamydomonas double mutant pfl4 
nit1-305 was carried out using both the nitrate reductase 
gene, as a selectable marker, and the RSP3 minigene, cells 
that had been transformed with both genes swam at about the 
same rate as wild-type cells (Fig. 4). Furthermore, analysis 
of the axonemes of these cotransformants by two-dimensional 
gel electrophoresis showed that radial spoke proteins had 
been restored to the flagella (Fig. 5 c); EM showed that the 
distribution of spokes in the flagella (Fig. 6 c) were indistin- 
guishable from wild-type cells. 

I f  amino acids 42-85 of RSP3 are essential for axoneme 
binding, an RSP3 construct lacking this domain should not 
be able to complement the paralysis of the pf14 mutant. The 
codons for amino acids 18-87 were deleted from an other- 
wise intact RSP3 minigene, and this construct was used in 
cotransformation experiments in parallel with the intact 
minigene. In over 200 nitl + transformants screened for mo- 
tility, no motile transformants were obtained with the deleted 
minigene, whereas ,,020% of the nit1 ÷ transformants were 
motile when the intact minigene was used. To ensure that the 
338/87 construct could be properly expressed, it was neces- 
sary to screen the nit1 ÷ transformants for the presence of 
338/87 RSP3. Initial immunoblot analysis of total cell pro- 
tein with anti-RSP3 antiserum did not identify any positive 
cotransformants. This may have been because the mutant 
RSP3 does not accumulate in the flagella of these cells, and 
it is difficult to detect RSP3 even in the wild-type cell bodies 
(sans flagella) with anti-RSP3 antiserum. To increase the 
sensitivity of the screen, an epitope from influenza virus 
hemagglutinin for which a high affinity mAb is available 
(Field et al., 1988) was inserted into RSP3 (see Materials 
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Figure 5. Electrophoretic analysis of axonemes from transformants. 
Each panel shows the region of a two-dimensional gel including 
RSP3 from wild-type (a), pf14 (b), and various transformants (c, 
complete RSP3 minigene; d, A1/41; e, A377/516; f, A1/41, 
377/516). Filled arrows indicate the location of three radial spoke 
proteins (RSP1, RSP3, and RSP4); open arrows indicate the loca- 
tion where these radial spoke proteins are missing or present in re- 
duced amount. 3 ° indicates the location of truncated forms of 
RSP3, identified with anti-RSP3 antiserum on immunoblots of 
these gels. c~ and/$ tubulin are also indicated (or and ~) in a. 

and Methods). Insertion of this epitope into the wild-type 
RSP3 gene has no detectable effect on its ability to comple- 
ment thepf14 mutation (Karl Johnson, personal communica- 
tion). After transformation ofpfl4 nit1-305 with the epitope- 
tagged &18/87 minigene and the nitrate reductase gene, two 

transformants were identified that expressed the mutant 
RSP3 (data not shown). Still, these cells did not swim. Thus, 
the A18/87 RSP3 can be expressed, yet it cannot restore mo- 
tility topfl4 cells. These experiments suggest that the deleted 
region is important for the formation or function of radial 
spokes and are consistent with the in vitro data showing that 
this region includes the axoneme binding domain. 

Removal of the amino-terminal 41 amino acids of RSP3 
had little effect on in vitro binding. This observation was un- 
expected because the mutant pf14 synthesizes a small amount 
of RSP3, initiating translation at methionine 42, yet it lacks 
radial spokes. To test for the assembly of the amino-terminal 
deletion in vivo, a minigene construct encoding RSP3 lack- 
ing amino acids 1-41 was transformed into pfl4 nit1-305 
cells. Motile transformants were obtained, but in every clone 
isolated only a few of the cells were swimming, and those 
cells that were motile swam at less than half the rate of wild- 
type cells (Fig. 4). Electrophoretic analysis of flagella iso- 
lated from these transformants showed that radial spoke pro- 
teins were present, but at a much reduced level relative to 
wild-type flagella (Fig. 5 d). 

To test for other domains of RSP3 involved in motility, 
stop codons were inserted into RSP3 minigenes and the con- 
structs were transformed into pf14 nit1-305. When an RSP3 
minigene construct containing a stop codon after codon 376, 
deleting the carboxy-terminal 140 amino acids, was used in 
cotransformation experiments, motile transformants were 
obtained that swam at approximately the same speed as wild- 
type cells (Fig. 4). On the basis of electrophoretic and elec- 
tron microscopic analyses (Figs. 5 and 6), the axonemes 
from transformants with this construct were indistinguish- 
able from wild-type except for the altered electrophoretic 
mobility of the truncated RSP3 (Fig. 5 e). These results show 
that amino acids 377-516 are not essential for either target- 
ing of the protein to the flagellum or for spoke assembly or 
motility. 

A second construct, combining the amino-terminal dele- 
tion (A1/41) with the deletion of amino acids 377-516, was 
able to restore partial motility to pfl4 ceils, as was found 
with the construct with just the amino-terminal deletion 

Figure 6. Analysis of axonemes from transformants by EM. These micrographs of longitudinal sections of axonemes from wild-type (a), 
pfl4 (b), and transformants (c, complete RSP3 minigene; d, A377/516) illustrate the presence or absence of radial spokes (arrows) in these 
cell lines. Although many sections of flagella from transformants expressing A1/41, 377/516 lacked radial spokes (e), some sections of 
these flagella had an apparently normal distribution of radial spokes (f). Bar, 0.25 /zm. 
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(Fig. 4). Electrophoretic analysis showed the amount of 
radial spoke proteins was reduced when compared with 
wild-type (Fig. 5 f ) .  When examined by EM, many sections 
showed few or no spokes (Fig. 6 e); however, some sections 
were seen to have an apparently normal distribution of radial 
spokes (Fig. 6 f ) .  This construct, lacking the amino terminal 
41 and the carboxy-terminal 140 amino acids, was the short- 
est construct tested that was able to restore motility to the 
paralyzed mutant. No motile transformants were obtained 
from over 200 nit1 ÷ transformants examined when a stop 
codon was placed after amino acid 237 in the minigene used 
for transformation. 

Discussion 

In Vitro Binding of RSP3 to Axonemes 
Using an in vitro binding assay we have shown that the radial 
spoke stalk protein RSP3 translated in vitro can bind to 
spokeless axonemes isolated frompfl4 cells. The specificity 
of this binding is supported by the observations that (a) RSP3 
binds poorly, if at all, to wild-type axonemes, that (b) amino 
acids 42-85 of RSP3 are sufficient and necessary for bind- 
ing, and that (c) when cross-linked with EDC, RSP3 forms 
a complex of ~150 kD in both wild-type axonemes and in 
pfl4 axonemes to which RSP3 has been bound in vitro. The 
fact that RSP3 can bind to pfl4 axonemes in the absence of 
the other 16 radial spoke polypeptides supports the hypothe- 
sis that it is involved in anchoring the entire radial spoke onto 
the flagellar axoneme (Luck et al., 1977). 

By examining the ability of in vitro mutagenized RSP3 to 
bind axonemes we have determined that the amino-terminal 
85 amino acids contain the sole axoneme binding site. Dele- 
tions made within this domain can abolish binding. Further- 
more, fusion of amino acids 1-85 to RSP6, a protein that 
does not bind axonemes, produces a chimeric protein that 
binds axonemes as well as full length RSP3. This observa- 
tion, together with the fact that removal of amino acids 1-41 
from RSP3 had little effect on binding, suggest that the bind- 
ing domain lies between amino acids 42-85. Fusion of these 
amino acids to RSP6 produced a protein that bound axo- 
nemes, but not as well as the fusion of amino acids 1-85, sug- 
gesting that amino acids 42-85 do not make up the entire 
binding domain, or that they cannot function completely in 
the context of the fusion protein. 

Although RSP3 binds axonemes, it may not bind directly 
to the axonemal microtubules. The axoneme binding domain 
of RSP3 is basic as is typical for microtubule binding do- 
mains, but, other than this, no similarities have been noted 
(Curry and Rosenbaum, 1993 and Alice Curry, personal 
communication) between the axoneme binding domain of 
RSP3 and the microtubnle binding domain of MAP2, 
MAP4, tau (reviewed in Chapin and Bulinski, 1992), kinesin 
or dynein (reviewed in Bloom, 1992; and Witman, 1992, 
respectively). Neither does RSP3 contain repeated motifs as 
are found in some microtubule binding domains (reviewed 
in Chapin and Bulinski, 1992). Furthermore, unlike flagellar 
dynein from Chlamydomonas, which can bind both axone- 
mal and brain microtubules (Haimo et al., 1979), RSP3 does 
not bind to chick brain microtubules repolymerized in vitro. 
Perhaps there is an unidentified axonemal protein that links 
RSP3 to the microtubule. 

As a first step in identifying the protein to which RSP3 
binds, axonemes were treated with the zero-length cross- 
linker EDC. When cross-linked with EDC, wild-type axo- 
nemes, as well as pfl4 axonemes to which RSP3 had been 
bound in vitro, formed a complex (•150 kD) containing 
RSP3. Although the size of this complex is consistent with 
it being the fusion of RSP3 (96 kD) and tubulin (55 kD), pre- 
liminary results suggest that this is not the case. Anti-a- or 
/3-tubulin antisera do not appear to react with the complex 
after its precipitation with anti-RSP3 antiserum (D. Diener, 
unpublished observations). Even though the protein to 
which RSP3 is cross-linked on the axoneme does not appear 
to be tubulin, this does not rule out the possibility that RSP3 
also binds tubulin. 

In Vivo Complementation of Motility in pf14 
The use of RSP3 eDNA minigenes to complement the para- 
lyzed phenotype ofpfl4 by transformation has enabled us to 
examine functional domains of RSP3 in vivo. Transforma- 
tion of pfl4 cells with a construct including the full-length 
RSP3 eDNA restored radial spokes and motility to the para- 
lyzed flagella; however, when the codons for amino acids 
18-87, which include the axoneme binding domain, were 
deleted, the construct did not complement flagellar paralysis 
when expressed in pfl4. In contrast, deletion of 140 amino 
acids from the carboxy terminus had little effect on motility. 
These results emphasize the importance of the amino termi- 
nus of RSP3 to radial spoke function and are consistent with 
the in vitro result that this region is necessary to attach RSP3 
to the flageUar axoneme. Further analysis of transformants 
expressing the A18/87 construct will be required to deter- 
mine if the truncated protein is found in the flagella, yet is 
unable to bind the axoneme. 

Unlike paralyzed flagella mutants that have rigid flagella, 
the flagella ofpfl4 cells are able to twitch and bend slowly. 
This limited movement may depend on the presence of some 
RSP3. In spite of the fact that the pfl4 mutation produces a 
premature stop codon at codon 21 of RSP3, these cells still 
synthesize a small amount of an incomplete form of the pro- 
tein, apparently by initiation of translation at methionine 42. 
This protein is found in low amounts both in the cell body 
(Williams et al., 1989) and in the flagella (L. H. Ang and 
D. Diener, unpublished observations). Whenpfl4 cells were 
transformed with a construct encoding an RSP3 in which the 
first ATG was methionine 42 (and which either had the com- 
plete carboxy terminus or was truncated after amino acid 
376) the cells swam at less than half the rate of wild-type 
cells and their axonemes contained some spokes, but fewer 
than in wild-type cells. These results indicate that the trun- 
cated RSP3 is able to enter the flagella, bind the axoneme, 
and participate in motility, but the degree to which these 
functions are compromised has not been determined. 

Deletions of the carboxy terminus of RSP3 were also 
tested for their ability to restore motility to pfl4 cells. Little 
effect on spoke assembly or flagellar motility was seen after 
deleting over one fourth of the molecule (amino acids 
377-516) suggesting that this portion of the molecule is dis- 
pensable for RSP3 assembly and flagellar motility. Con- 
structions in which the next 139 amino acids were also 
deleted, however, could not complement the pfl4 mutation, 
suggesting that these amino acids are critical to the function 
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of RSP3. Further analysis of transformants expressing this 
construct may be informative as to what aspect of RSP3 
function is impaired by this deletion. 

Reintroducing mutagenized RSP3 genes into Chlamydo- 
monas will be instrumental in elucidating the role of RSP3 
in radial spoke assembly and function as well as the function 
of spokes in flagellar motility. One aspect of flagellar assem- 
bly that can now be addressed more directly, for example, 
is that of targeting proteins to the flagellar compartment; 
i.e., what part of RSP3 is necessary to direct this protein to 
the flagella. These techniques can also be applied to study 
the various functions of any flagellar protein, including other 
radial spoke proteins and individual components of the 
dyneins. 
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