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The DPY-30 Domain and Its Flanking Sequence Mediate the Assembly
and Modulation of Flagellar Radial Spoke Complexes

Radhika Gopal,® Kenneth W. Foster,” and Pinfen Yang*

Department of Biological Sciences, Marquette University, Milwaukee, Wisconsin, USA,* and Physics Department, Syracuse University, Syracuse, New York, USA®

Rlla is known as the dimerization and docking (D/D) domain of the cyclic AMP (cAMP)-dependent protein kinase. However,
numerous molecules, including radial spoke protein 2 (RSP2) in Chlamydomonas flagella, also contain an RIla or a similar
DPY-30 domain. To elucidate new roles of D/D domain-containing proteins, we investigated a panel of RSP2 mutants. An RSP2
mutant had paralyzed flagella defective in RSP2 and multiple subunits near the spokehead. New transgenic strains lacking only
the DPY-30 domain in RSP2 were also paralyzed. In contrast, motility was restored in strains that lacked only RSP2’s calmodu-
lin-binding C-terminal region. These cells swam normally in dim light but could not maintain typical swimming trajectories
under bright illumination. In both deletion transgenic strains, the subunits near the spokehead were restored, but their firm at-
tachment to the spokestalk required the DPY-30 domain. We postulate that the DPY-30-helix dimer is a conserved two-prong
linker, required for normal motility, organizing duplicated subunits in the radial spoke stalk and formation of a symmetrical
spokehead. Further, the dispensable calmodulin-binding region appears to fine-tune the spokehead for regulation of “steering”
motility in the green algae. Thus, in general, D/D domains may function to localize molecular modules for both the assembly and

modulation of macromolecular complexes.

he cyclic AMP (cAMP)-dependent protein kinase A (PKA) isa

critical regulator in eukaryotic cells. The dimerization and
docking (D/D) domain, Rlla, in its regulatory subunit localizes
the tetrameric holoenzyme to A-kinase-anchoring proteins
(AKAPs). When cAMP binds to the regulatory subunit, the bound
catalytic subunits with broad substrate specificity are released to
phosphorylate only nearby intended targets. It is well established
that the localization via RIIa and AKAP enhances the precision of
PKA-mediated regulation spatially and temporally (4, 30). How-
ever, the RIla domain is not unique to PKA. In fact, it is present in
more than 200 eukaryotic proteins that lack the other features
characteristic of PKA (8, 21, 40, 67, 69). Furthermore, a domain
with a similar structural fold, DPY-30 (60), is found in equally
numerous proteins. Together, the molecules that share the D/D
domain but differ significantly in additional sequences are catego-
rized in the Rlla clan in the Pfam protein family library (http:
/Ipfam.janelia.org/). Accumulated evidence suggests that they
play important roles unrelated to PKA. For example, DPY-30, a
100-amino-acid (aa) protein existing in various eukaryotes, is a
subunit in molecular complexes involved in X chromosome dos-
age compensation, histone methylation, trans-Golgi trafficking,
and carcinogenesis (10, 26, 28, 34, 39, 65). Although its only rec-
ognizable feature is the DPY-30 domain, in Caenorhabditis
elegans, defect in it results in lethality of most XX hermaphrodites
and a dumpy-shape body of live XO male worms (26). In mam-
mals, DPY-30 is crucial for histone H3K4 trimethylation and cell
fate specification of embryonic stem cells (28). Genome-wide
transcriptional analysis also implicates the molecule in the assem-
bly or functioning of cilia (57). However, the roles of DPY-30 and
the vast majority of Rlla clan members remain largely unknown.

This question can be elucidated by studying its four members
in the radial spoke (RS) complex in the flagella of Chlamydomonas
reinhardtii (Fig. 1). The RS, comprised of at least 19 distinct pro-
teins (69), appears as a “I” or “Y” in electron micrographs (3, 15,
46, 62). The thinner stalk adheres to the 9 microtubule outer dou-
blets of the axoneme, while the bulbous head intermittently con-
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tacts the central-pair (CP) apparatus (62). Defects in the RS result
in a spectrum of motility deficiencies ranging from jerky flagella to
reversible or full paralysis (63, 66, 67, 69). It has been proposed
that the periodic engagement between the RS and the CP enables
sequential activation of dynein motors on the outer doublets that
power rhythmic beating (62, 66). The RS is also implicated in
calcium- and phosphorylation-induced changes in flagellar
movements (6, 48, 55).

In this report, we focus on DPY-30 domain-containing radial
spoke protein 2 (RSP2), which is critical for bridging the bulbous
spokehead and the thinner stalk. The Chlamydomonas strain pf24
has a start codon mutation in the RSP2 gene (66). The mutation
results in paralyzed flagella in which three stalk proteins are di-
minished, including RSP2 and the other DPY-30 domain-con-
taining protein, RSP23. The spokehead proteins are reduced in
abundance, but to a lesser extent (27, 44, 66). The rest of the stalk
proteins, including two RIla domain-containing RSPs, are present
in normal amounts. The phenotypes (69), further corroborated
by recent cryoelectron tomography of pf24 and the other RS mu-
tants (46) and chemical cross-linking (32), suggest that the two
DPY-30 domain-containing RSPs are located in the neck region
adjacent to the spokehead, whereas the two RIla domain-contain-
ing proteins are positioned toward the radial spoke stalk base (Fig.
1D and Table 1). However, pf24 phenotypes are not conducive to
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FIG 1 Morphology of the radial spoke complex that harbors RIla and DPY-30 domain-containing subunits. (A) Electron micrograph of a cross-sectioned
axoneme in a Chlamydomonas flagellum. The T-shaped RS is indicated by an arrowhead. Scale bar, 50 nm. (B) RSs appear as doublets (black dots) in each 96-nm
repeat in the longitudinal section. In some RSs, the center of the enlarged spokehead appears hollow (white dots). (C) The section in which the central pair is
dissociated reveals a clear morphology of the spokehead region. (D) Schematic depicting the RS and the predicted locations of the RSPs containing either an Rlla
or a DPY-30 domain.

inferring the specific roles of RSP2 and its DPY-30 domain be-
cause of the deficiencies in multiple spoke subunits. Intriguingly,
although RSP2 is critical for RS assembly, it binds calmodulin, a
molecule implicated in regulating the beating of various cilia and
flagella (7, 43), presumably through a C-terminal region (70). An
adjacent region is predicted to be a degenerate GAF domain
known for binding small ligands (1). However, these features,
which occupy 80% of the RSP2 sequence, are not evolutionarily
conserved. Only the DPY-30 domain and a short flanking helix
with coiled-coil propensity are common in potential RSP2 ortho-
logues. We hypothesize that the DPY-30 domain tethers the con-
served helix for RS assembly required for oscillatory beating, while
the calmodulin-binding extension is involved in a flagellar behav-
ior unique to Chlamydomonas. To test this, new RSP2 transgenic
mutants were created to avoid severe assembly defects. The phe-
notypes of these new transgenic strains support the hypothesis
and demonstrate that the D/D domain, which is known to localize
PKA, also targets functional moieties for the assembly and mod-
ulation of molecular complexes.

MATERIALS AND METHODS

Strains, culture conditions, RSP2 gene, and biochemistry. C. reinhardtii
strains, culture conditions in Tris-acetate-phosphate (TAP) medium, pu-
rification of axonemes, sucrose gradient fractionation of RS, RSP2
genomic DNA, and RSP2 expression constructs were described previously
(66).

Construct design. The Ncol RSP2 genomic fragment was released
from an RSP2 phage clone (70) and ligated into the pGEM-T Easy vector.
This plasmid was used as the wild-type (WT) control and as a template to
generate a series of mutant constructs. To create the ADPY-30 construct,
the fragments flanking the DPY-30 coding sequence were amplified using
the following primer pairs, named after the restriction sites in the RSP2
gene: (i) Bam (CTTCTACACGGATCCGCCGGTCTCC) and Hind H'
(CGAAGCTTTTGGGTCGGAGCCATTCTTGAGTGTC) and (ii) Hind
H" (AGAAGCTTCTGGGCCTATGGCTGCTCAAGTAAGC) and Nru (C
AAATCCTGTTGCCGCTCGCGA).

The PCR product of Bam-Hind H' (1,000 bp) and Hind H"-Nru (150

TABLE 1 Phenotypes of RSP2 transformants and paralyzed RS mutants

Structural Roles of Rlla Fold Families

bp) replaced the Bam-Nru fragment in the wild-type RSP2 plasmid. To
create a 3'-tagged RSP2,_,, (1-120) construct, the p3HA plasmid (54)
was first converted into p3HA6His using a PCR approach and primers
containing His codons. The tagged sequence was amplified again to add
EcoRI and Xbal restriction sites. Meanwhile, the RSP2 gene was PCR
amplified using primers Bam and Eco (TGGGAATTCGGCTGTGTGCT
GCTTGACCAG). The PCR products of Bam-Eco (1,600 bp) and the
150-bp 3HA6His sequence were cloned between the BamHI site and an
Xbal site that was inserted before the stop codon of the wild-type RSP2
vector.

To generate the CaMB* construct, the pET28a-RSP2 expression con-
struct (70) was used as a PCR template. First, QuikChange site-directed
mutagenesis (Stratagene) was carried out to alter the 2nd CaMB motif
with the primer pair CalB5’ (CATCAAGCAGGTGCGGGAGGTGGCGG
ACAAGGCAGT) and CalB3’ (GCAGCACTGCCTTGTCCGCCACCTC
CCGCACCTGCT), in which the R581 and R584 codons were replaced
with a glycine codon. This construct was used for expressing CaMB* in the
bacterial strain BL21(DE3) (70). In addition, the 440-bp region contain-
ing the mutated sequence was released by BsrGI and Xhol digestions and
cloned into the control genomic plasmid for transformation of C. rein-
hardtii strain pf24. To create the ACT-Tag construct, p3HA6His was am-
plified using the p3HA plasmid (54) as a template and primers HAXhoS
(ACTCGAGCAGCCGGGGAGGCCTGTCGCGA) and HAXhoAS (TCT
CGAGTCTAGATCAGTGGTGGTGGTGGTGG), which included a stop
codon. The 150-bp tag sequence was cloned into a convenient Xhol site
preceding the stop codon. This cloning strategy resulted in the addition of
a 3HAG6His tag and deletion of the C-terminal 16 aa. The ACT construct,
without any tag, was created by amplifying the wild-type construct with
the primer pair BstG (GACGCGGAGATGCCGAACACGCTG) and Xho
(GCTGCTCGAGCTTTAGTTCGACCCCTCCTGGGCCGGCTG),
which included a stop codon. The PCR product (440 bp) with a stop
codon replaced the original sequence in the wild-type plasmid.

To express the RSP2 N-terminal region, PCR fragments encoding aa 7 to
119 and 7 to 265 were cloned into the pMCSG19 vector behind a maltose
binding protein (MBP) coding sequence, a proteolytic site, and a His tag (17)
by the Midwest Center for Structural Genomics (http://bioinformatics.anl
.gov/mesg/technologies/structuredetermination.html). The region was cho-
sen based on predicted solubility and crystallization. The MBP-tagged recom-
binant proteins were used to test calcium-dependent calmodulin binding as

Value in strain:

pfl and
Parameter Cont pf14¢ pf17¢ pf24+t ADPY 1-120 CaMB* ACT-Tag
Velocity® (nm/s) 111 = 31 Pf Pf Pf Pf 99 + 27 112 = 39 Varies
RSP defects None All 1,4,6,9,10 1,4,6,9, 10,2, 23,16 None None None Varies

“ Reference 27. pf14 is spokeless, pfl and pf17 lack the spokehead, and pf24 is the parental strain from which new RSP2 transgenic mutants were generated.

b References 44 and 66.

¢ Pf, paralyzed flagella. The velocity of motile strains was derived from the measurements of 12 randomly selected cells recorded under dim light.
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described previously (70). The aa 7 to 119 fragment released by the coex-
pressed protease was Ni-nitrilotriacetic acid (Ni-NTA) purified for raising the
anti-RSP2 antibody.

Transformation. All constructs were cotransformed by electropora-
tion (53) into the RSP2 mutant, pf24, with the pSI103 plasmid, which
confers paromomycin resistance. Briefly, autolysin-treated cells were
washed with TAP medium containing 40 mM sucrose and resuspended in
the same solution to a final concentration of 1 X 10® cells/ml. A 125-ul
aliquot was placed in a 2-mm electroporation cuvette (model 620; BTX
Technologies, Inc.) and subjected to an electric pulse (ECM 630 electro-
poration apparatus; BTX Technologies, Inc.) of 360 V for 2 milliseconds
(equivalent to 500 V/capacitance and resistance, 25 wF capacitance and
125 Q). The cells were allowed to recover for 60 min under light after
addition of 10 ml TAP-sucrose solution. After 1 h, the cells were centri-
fuged gently and washed three times with TAP buffer. Finally, the cells
were resuspended in TAP buffer and allowed to recover overnight. After
24 h, the cell suspensions were plated on TAP agar plates with 10 wg/ml
paromomycin.

Single colonies that formed after 4 to 5 days were transferred to fresh
TAP plates and subsequently resuspended in TAP medium in 96-well
plates for initial motility analysis using an inverted or upright compound
microscope (Olympus IX51 and BH-2). For each construct, approxi-
mately 200 antibiotic-resistant clones were resuspended in water or TAP
medium and screened microscopically. Only the flagellar behaviors that
were exhibited by more than 10 clones from at least two different trans-
formation reactions were considered possible phenotypes for the exoge-
nous RSP2 polypeptides. The cells were cultured in liquid medium for
axoneme preparation. Western analysis of axonemes probed with anti-
RSP2 antibody or antihemagglutinin (anti-HA) antibody confirmed the
presence of RSP2 polypeptides, equally abundant in the fully swimming
strains but varying in abundance in the completely or partially paralyzed
strains. Only the strains in which RSP2 polypeptides were optimally re-
stored in the flagella were further analyzed.

Motility analyses. The motility analyses were performed as described
previously (66, 67). For low-speed video microscopy, cells were digitally
recorded under X200 bright-field light microscopy using a charge-cou-
pled device (CCD) camera (CoolSNAP ES; Photometrics) at a maximum
rate of 20 frames per second and a Plan Fluor 20X objective (0.50 numer-
ical aperture [NAJ; Nikon). The MetaMorph imaging system (version
6.1r5; Molecular Devices, Sunnyvale, CA) was used for tracking the move-
ment of individual cells and determining swimming velocities. For high-
speed video microscopy, a MotionPro HP-3 camera (Redlake) was used to
record at a rate of 500 frames per second with a Plan Apo 40X objective
and a 400X bright-field light compound microscope (Nikon). A goose-
neck lamp with two fiber optic guides and a tungsten light source (model
DL-150; Fryer Company, IL) replaced the illumination from the micro-
scope for altering the illumination direction.

For testing calcium dependence, cells were resuspended in 10 mM
HEPES, with or without 0.4 mM EGTA or 1 mM calcium, or in growth
medium as a control. The cells were observed immediately and every 5
min under dim and normal light settings. The light intensity was mea-
sured using a light meter (model 840010; Sper Scientific, AZ).

Sequence analysis. Molecular modules were identified using the
SMART (http://smart.embl-heidelberg.de/) and COILS (http://www.ch
.embnet.org/software/COILS_form.html) programs. Sequence align-
ments were generated with the ClustalW2 program (http://www.ebi.ac.uk
[/Tools/clustalw2/index.html). BLASTP searches were conducted using
the default parameters. Homology modeling and molecular presentation
were generated using the SWISS-MODEL 8.5 server (http://swissmodel
.expasy.org//SWISS-MODEL.html) and the PyMOL program (http:
/[www.pymol.org).

RESULTS

Sequence analyses of the RIIa and DPY-30 domains in the radial
spoke proteins. It has been demonstrated that both RSP7 and
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RSP11 have an RIIa domain, while RSP2 has a DPY-30 domain
(69). A subsequent motif search revealed a DPY-30 domain in
RSP23 and its orthologue, NDK-5. These four spoke proteins are
listed as members of the Rlla clan in the Pfam database. As shown
by sequence analysis, these ~40-aa domains are predicted to fold
into a helix-loop-helix structure with proline and hydrophobic
residues located at similar positions (Fig. 2A, shaded in black and
gray). Homology modeling of the domains from RSP11 and RSP2
against the crystallographic algorithms of the respective domains
from mammalian RIT and DPY-30 (23, 60) demonstrated similar
homodimeric structures, except for a short region preceding helix
I: a beta strand in the RIla domain and a helix I" in the DPY-30
domain (Fig. 2B). Different N termini could affect the molecular
interactions of the D/D domains (20) and are consistent with the
distinct locations of the Rlla and DPY-30 domain-containing
RSPs in the RS (Fig. 1D) (69).

Although the importance of RSP2 in RS assembly and flagellar
beating suggests that RSP2-like molecules might be present in
most motile cilia and flagella, a BLASTP search showed that only a
few protists and moss have RSP2-like molecules that share simi-
larity with the entire 738-aa sequence, especially the first 120 aa.
However, a BLASTP search using only the N-terminal region as a
query revealed numerous hits, including DYDC2 (DPY-30 do-
main-containing protein 2) (Fig. 3), the vertebrate protein that
most resembles RSP2. The human DYDC2 gene (Gene ID 84332)
is adjacent to a highly homologous gene encoding DYDCI, possi-
bly arising from a gene duplication event. We discuss only DYDC2
because of the similarity. As expected for an RSP2 orthologue,
DYDC2 was found in the human cilium proteome and is listed in
the cilium proteome database (2, 42). Inferred from expressed
sequence tags (EST), itis enriched in the lung and the testis, which
contain cells with motile cilia or flagella (Hs.512782 in the Uni-
Gene database [http://www.ncbi.nlm.nih.gov/]). However, it has
only ~200 aa, lacking the degenerate GAF domain (1) and the
calmodulin-binding motifs (70). The similarity between RSP2
and DYDC?2 is primarily limited to the N-terminal 120 aa, with
45% identical residues in the DPY-30 domain (Fig. 3A, under-
lined) and 18% in the flanking region. Notably, despite the limited
similarity of the flanking sequence, the COILS program predicts
that this region in both molecules will form an a-helix with coiled-
coil propensity (Fig. 3B), which is known for mediating protein-
protein interactions. Similarly, the putative vertebrate orthologue
of the DPY-30 domain-containing RSP23, NDK-5 (44), also lacks
RSP23’s extended C-terminal region with three calmodulin-bind-
ing IQ motifs (Fig. 3C). One possibility is that DYDC2 and NDK-5
are the orthologues of RSP2 and RSP23, respectively, and the ad-
ditional sequences in the two Chlamydomonas DPY-30 domain-
containing molecules are dispensable for flagellar beating. Based
on these observations, we postulate that the conserved DPY-30
domain and the coiled-coil-forming helix in RSP2 are involved in
RS assembly and that the additional C-terminal region mediates a
dispensable calmodulin-dependent reaction.

The conserved DPY-30 domain and adjacent helix in RSP2
are sufficient for RS assembly and oscillatory beating. If the hy-
pothesis is correct, Chlamydomonas cells expressing only the con-
served first 120 aa in RSP2 will have motile flagella with all RSPs
critical for flagellar beating but cannot display the calmodulin-
dependent behavior. Conversely, cells defective in the conserved
region will not assemble functional RSs, and consequently, their
flagella will be paralyzed. As it is not feasible to generate Chlamy-
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RITIa Helix I Loop Helix II

RSP11 CHLRE/16-53 ——————-- HNLADILKAYTKEVIRROBTDL----IAFSAKYETNLANVAS
RSP7_CHLRE/13-50 -——-——-- GDFPAILKAFTREILRAQESNI ----YEFGARYFSGLQGQAE
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CABYR HUMAN/12-49 -——----- YGLKTLLEGISRAVLKTNZSNI ----NQFAAAYFQELTMYRG
SP17_HUMAN/14-51 -—-—------ QGEGNLLEGLTREILREQISDNI --—--PAFAAAYFESLLEKRE
020199 _CAEEL/11-48 = --——----- HDLRPILEALAREVLRSQIgSDV----AEFGHMFFDEYLKHRR
DPY-30 Helix I’

RSP2_CHLRE/8-49
RSP23_CHLRE/152-197

DYDC2_HUMAN/1-42

\AJ

HDTAYLKETVGEALARGCAA. AISA
AAAEYITKRIQEALAKALAA.LARE

METNYLKRCEGNCLAQALAE . VAKV

%NDE————VEYLGLWLLKYVK
S

ADKFEAITFVAGYLLQNNP

SDig----IEYLAHWLYHYRK

SDC1_YEAST/121-162 QTRKYLNTNVTjHLLAGMRL . IAVQOIFF Dig-——-LRVLGEYLIEQSN
DPY30_CAEEL/69-110 PTRQYLDSTVV]RILLQGLGA . LAKDRIZEN|Z----IEFLANFLLREKD
DPY30_HUMAN/52-93 PTRAYLDQTVVIRTLLQGLAV . LAKERIZPNjg----IEFLASYLLKNKA
NDK5_HUMAN/156-197 AAKDYLNLHIMSTLLEGLTE . LCKQ —-———-LIWLADWLLKNNP
KAD7_MOUSE/570-611 PLRNYLMTYVMETLMQGLNE . CCKVR|EDjg———-VDFLAEYLEFKNNP

[
|
Cc
IV
I'
C
C

FIG 2 Four Chlamydomonas radial spoke proteins contain a typical RIIa or DPY-30 domain. (A) Sequence alignment of the RITa and DPY-30 domains in the four
RSPs and representative molecules from human, Saccharomyces cerevisiae, and C. elegans. The D/D domain is comprised of a helix-loop-helix structure (marked
with lines above the alignment) with conserved hydrophobic residues and prolines (shaded gray and black, respectively). The key difference between the two
domains is in the N terminus: only helix I in the DPY-30 domains is preceded by helix I’ with two conserved residues (arrowheads). (B) The tertiary conformation
of Rlla (left) and DPY-30 (right) domains. The additional helix I" (I") forms the lateral boundary of the docking pocket defined by helix I. The sequences from
RSP11 (aa 14 to 51) and RSP2 (aa 9 to 50) are modeled, respectively, after the crystallographic algorithms of the mouse RIla domain (Protein Data Bank [PDB]
1D, 2IZY) (23) and the human DPY-30 domain (PDB ID, 3G36) (60).

domonas mutants by homologous recombination, we used a well-
established strategy (14), expressing RSP2 polypeptides, full
length or mutated (Fig. 4A), in the paralyzed RSP2 mutant, pf24,
that produces a trace amount of full-length RSP2 (27).

The wild-type RSP2 gene (70) was cloned and used as a PCR
template to create three truncation constructs (Fig. 4B) that lack the
DPY-30 domain (ADPY), the extended C terminus (RSP2,_;,,), or
the C-terminal 16 aa (ACT-Tag). To aid in detection of truncated

A

RSP2 MAPTQAGHDTA AEVEGNFYRE
DYDC2 ------- AKAK EENRE

* ** ***

RSP2  RQODEOKKKD QSEQAAKSVALTRKEAADALALVTAEPRE VKLVKQHTAA

DYDC2 KKIHEQEEYDSS EMLK- === ====m == mmm = = QEEYQEQONCEKCHKELTSE
s JKkkg Xk okk o o K LA S L

B 1-120 ~pwocz  ©

1 RSP2 -orv[S]

0.8

0.6 DYDC2 orv[el]

o2 ‘ RSP23 <NDK® opv

0 : : NDK5 -«NDK» ory

0 20 40 60 80 100 1200 20 40 60 80 100 120

FIG 3 Conserved features in RSP2 and its human homologue DYDC2. (A) Sequence alignment of the N-terminal 120 amino acid residues. The similarity is
particularly prominent in the DPY-30 domain (underlined). Asterisk, identity; colon, high similarity; dot, low similarity; gray shading, conserved hydrophobic
residue. (B) Coiled-coil propensity in the less conserved region downstream of the DPY-30 domain. The graphs were generated by the COILS program using a window
width of 28. (C) Schematic showing that the extended C termini in the two DPY-30 domain-containing radial spoke proteins are absent in their human homologues.
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Cont -orv[e]

can
ADPY - [ cav

ACT-Tag-orvof]
1-120 -opy[SY]| HAkis

,@ 1 " 3 4

Nco Bam Nru

’

H
-~ =
= T

Hind XhoS XhoAS

s~

FIG 4 Mutagenesis of the RSP2 gene. (A) RSP2 deletion polypeptides. Cont is the wild-type RSP2. ADPY lacks 32 aa in the DPY-30 domain. ACT-Tag RSP2 lacks
the C-terminal 16 aa but contains a tag with 3 HA and 6 His epitopes (HAHis). RSP2,_;,, contains the conserved DPY-30 domain, the downstream coil-forming
helix, and the HAHis tag. (B) PCR strategies for creating genomic deletion constructs. Primers are indicated by arrows. The ADPY construct was generated using
2 primer pairs: Bam and Hind-H' (H'), and Hind-H"” (H”) and Nru. Ligation of the two PCR products resulted in deletion of the DPY-30 domain. The two
C-terminal-truncation constructs were generated similarly using primer pairs Bam-E’, E"-Xba, and XhoS-XhoAS. The last two primer pairs amplified the

sequence for the HAHis tag and a stop codon.

polypeptides, a tag that encodes 3 HA epitopes and 6 His residues was
inserted into several truncated constructs, as indicated. Each of these
constructs was transformed into pf24, along with an antibiotic selec-
tion plasmid. For each group, ~200 antibiotic-resistant clones were
screened by light microscopy. The results are summarized in Table 1.

As expected, all clones from the transformation with only the
antibiotic-selection plasmid were paralyzed, like pf24. In the wild-
type control group, 12 clones (5.2%) behaved like wild-type
cells—all flagellated cells were motile and were used as controls
(Cont). All clones in the ADPY-30 group were paralyzed. How-
ever, compared to pf24 flagella, which rarely crossed each other
(Fig. 5, top), 11 ADPY-30 clones (10.4%) had flagella that crossed

FIG 5 The DPY-30 domain in RSP2 is required for oscillatory beating. The
parental pf24 cells (top) and the cells transformed with the ADPY construct
(bottom) are paralyzed, but their paralyzed flagella appear distinctly. While the
flagella of most pf24 cells stretch out in a V (top), the two flagella of many cells
in a few ADPY clones jerk intermittently, crossing each other often (bottom,
arrows). The images were taken from live cells using a CCD camera at a rate of
~20 frames/s.
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each other sporadically (Fig. 5, bottom), a phenotype also exhib-
ited by the mutants defective in the spoke HSP40 (66) or the ki-
nesin (72) in the CP. For the RSP2, _,, group, 10 clones (4%) were
fully motile but exhibited a novel light-induced behavior that was
absent in the control (see below). Taken together, these results
indicate that the first 120-aa region is sufficient for rhythmic beat-
ing and that the DPY-30 domain in this region is critical. Unex-
pectedly, ACT-Tag or the untagged ACT polypeptide (not
shown), albeit lacking only the last 16 amino acid residues, is less
effective in rescuing pf24 than RSP2,_,,,. Ten ACT-Tag clones
(3%) contained swimmers, as well as paralyzed cells. None of the
clones had 100% swimmers.

Western blots of axonemes from representative clones in each
group (Fig. 6A) confirmed that the expected mutated RSP2 poly-
peptides were restored. To assess RS assembly, we used Western
blots to reveal the relevant RSPs in axonemes from the represen-
tative deletion transgenic strains. RSP3, which was normal in pf24,
served as a loading control. Both ADPY (Fig. 6B, left, arrowhead)
and RSP2,_,,, (right, arrowhead) were restored to the axonemes.
ADPY migrated slightly faster than the diminished full-length
RSP2 (dots) from pf24 and was as abundant as the control. The
other RSPs, which were absent in the spokeless pf14 and deficient
in pf24 (first two lanes), including spokehead proteins (repre-
sented by RSP1) and the predicted neck proteins (RSP23 and
RSP16), appeared fully restored in the motile RSP2,_,,, strain, as
expected, and, surprisingly, were fully restored in the paralyzed
ADPY strain, as well (last four lanes). This indicates that the
DPY-30 domain, although crucial for flagellar beating (Fig. 5), is
dispensable for restoring the RS composition, and thus, the
DPY-30 domain flanking region that is present in both ADPY and
the RSP2,_,,, strain and has coiled-coil propensity is involved
in the assembly role of RSP2. RSP23 migrated as multiple bands,
and the band patterns in different axonemes varied, like those in
the other spoke mutants and dynein mutants (44, 66). The cause
of the variations remains unclear but does not seem to be related
to the motility level because RSP23 band patterns in motile (1-
120) strains and paralyzed (ADPY) strains are similar (Fig. 6C).
The variations could be due to RSP23’s susceptibility to proteoly-
sis (44) or stochastic autophosphorylation by its NDK activity
(33). Calmodulin was not probed because a change in the calmod-
ulin content in axonemes with defective RSs is not expected to be
evident against a background of this molecule from other axon-
emal complexes (16, 18, 43, 61).
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FIG 6 Truncated RSP2 polypeptides restored RS composition. (A) Represen-
tative Western blots for screening transgenic strains. Axonemes were harvested
from pf24 and from the transformants that exhibited phenotypes distinct from
that of pf24. ADPY and ACT-Tag were revealed by anti-RSP2 antibody. The
sizes of the protein markers are 170, 130, 100, 70, and 55 kDa. RSP2, ,,, was
revealed by anti-HA antibody. The sizes of the protein markers are 55, 40, 35,
25, and 15 kDa. All three deletion RSP2 polypeptides (arrowheads) migrated
differently from the full-length RSP2 in the control (Cont). The amounts of
RSP2,_;,, from all four strains that contained nearly 100% swimmers were
similar, whereas the RSP2 polypeptides from ADPY and ACT-Tag strains that
contain paralyzed cells varied in abundance. The shorter-than-expected RSP2
from strain E1 is likely due to truncation of the inserted transgene. The strains
with the most abundant RSP2 polypeptides (asterisks) were further analyzed in
panels B and C. (B) Western blots of similar amounts of axonemes from rep-
resentative transgenic strains expressing ADPY or RSP2,_,,, (arrowheads) or
full-length RSP2 (Cont). The blots were probed for relevant RSPs as indicated,
including RSP1 in the spokehead and RSP2, RSP16, and the phosphoprotein
RSP23 in the nearby neck region. These spoke proteins, which were largely
absent in the spokeless pf14 and deficient in pf24, were equally abundant in the
ADPY, RSP2, _,,, and Cont strains. Note that the trace amount of endogenous
RSP2 (dot) in pf24 comigrated with the full-length RSP2 in Cont and was
distinct from an adjacent background band that was also present in the nega-
tive-control pf14. RSP3 served as a loading control. (C) The RS composition in
ACT-Tag axonemes was affected by culture conditions. All RSPs tested, in-
cluding the ACT-Tag polypeptide (arrowhead), appeared equally abundant in
axonemes prepared from log-phase cultures (left). However, the abundances
of RSP4 and RSP6 paralogues (lines) in the spokehead were obviously reduced
if axonemes were prepared from stationary-phase cultures in which most
ACT-Tag cells were paralyzed (right). In contrast, the assembly of these two
paralogues in Cont was evidently not affected by culture conditions. ADPY
and ACT-Tag were revealed by anti-RSP2 antibody. The RSP2,_,,, blot was
probed with anti-HA, and thus, wild-type RSP2 in Cont was not revealed.

The mixed population of motile and nonmotile cells in ACT-
Tag cultures is also a phenotype of pf26 allelic mutants that are
defective in the gene encoding one of the two spokehead paral-
ogues, RSP6 (13, 63). The motile fraction in pf26 cultures de-
creases when the medium becomes exhausted, and the reduction
was correlated with decreased spokehead assembly in axonemes
(63). To test if RS assembly in ACT-Tag strains was as medium
sensitive as in pf26, their axonemes were harvested at two different
time points (Fig. 6C). The RSPs from log-phase cultures that con-
tained both motile and nonmotile cells appeared similar to that of
the control, including the two spokehead paralogues, RSP4 and
RSP6 (Fig. 6C, left, lines). However, they were evidently dimin-
ished in the ACT-Tag samples from stationary-phase cultures,
which contained largely nonmotile cells (right), despite normal
abundance of ACT-Tag RSP2 and the third spokehead protein,
RSP1. This indicates that the fraction of paralyzed cells in ACT-
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Tag strains is not caused by transgene silencing but instead is due
to medium-sensitive assembly deficiency. These results suggest
that RSP2 projects its C-terminal tail toward the spokehead, and
without the last 16 aa in RSP2, spokehead assembly is compro-
mised, possibly due to misfolded RSP2 polypeptides.

The defective RSP2 gene in pf24 expressed a trace amount of
full-length RSP2 (Fig. 6C, dot). Although this fraction may lessen
the severity of the phenotypes from RSP2 deletion polypeptides
expressed in pf24, its effect appears minor because of drastic dif-
ferences in the flagellar phenotypes of the parental pf24 and new
transgenic strains with abundant mutated RSP2 polypeptides in
flagella.

The DPY-30 domain is critical for anchoring the flanking
sequences to the spokestalk. The motility phenotypes suggested
that although truncated RSP2 polypeptides could restore RS com-
position, the assembly was abnormal. To test this, RSs were ex-
tracted from axonemes and subjected to velocity sedimentation
on sucrose gradients. Western blots of gradient fractions showed
that all RSPs from the wild-type control sedimented in a single 20S
peak as intact particles (Fig. 7A, top). However, in the gradients of
the transgenic mutants lacking the DPY-30 domain (middle) or
the C terminus (bottom), the components around the spokehead
region were dissociated. Spokehead proteins and the neck pro-
teins, including ADPY and RSP16 (HSP40), sedimented as small
particles distinct from the remaining stalk (represented by RSP3).
Thus, although these RSPs are restored to the RS by ADPY-30 and
RSP2, ;,, polypeptides, they are unstable. In contrast, RSP23,
RSP2,_,,0, and RSP2 (Fig. 7A, open arrows), all containing a
DPY-30 domain, cosedimented with the major stalk protein,
RSP3, suggesting that the DPY-30 domain secures the association
of RSP2 and RSP23 with the remaining stalk.

RSP2 binds calmodulin in a calcium-dependent manner and
contains three potential calmodulin-binding sites, two at aa 540 to
592 (70) and one at aa 190 to 208 (71; http://calcium.uhnres
.utoronto.ca/ctdb/pub_pages/general/index.htm). To test this,
sucrose gradient fractions were probed for calmodulin. As shown
previously (68), calmodulin sedimented into three peaks in the
control gradient (Fig. 7B, top). The first 20S calmodulin peak was
absent in the RSP2,_,,, gradient (Fig. 7B, compare top and mid-
dle), consistent with the absence of the 20S RS peak in the gradient
(Fig. 7A, bottom). However, it was unclear if the smaller RS par-
ticles in the RSP2, _,,, gradient contained less calmodulin because
of the proximity of the other calmodulin-containing complexes in
the adjacent fractions (16, 18, 61). Second, we tested calmodulin
binding on four bacterially expressed RSP2 polypeptides: the WT,
CaMB*, aa 7 to 119, and aa 7 to 265. For CaMB¥, two arginine
residues in the last positively charged calmodulin-binding motif
were replaced with glycine (R581G and R584G). The two trun-
cated polypeptides were expressed as fusion proteins with an N-
terminal MBP tag that is compatible with calmodulin affinity pu-
rification (64) and improves the solubility and expression level
(17). Like RSP2 (70), CaMB*, with only one site mutated, still
exhibited calmodulin affinity, as demonstrated by their reduction
after incubation with calmodulin-conjugated agarose (Fig. 7B,
bottom, compare lanes Pre and Post) and their elution by 2 mM
EGTA. In contrast, the two truncated polypeptides did not show
significant binding, suggesting that the calmodulin-binding re-
gion is in the C terminus, downstream of the first 265 amino acid
residues.
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FIG 7 Altered molecular interactions in the RS complex with mutated RSP2. (A) Instability of the spoke proteins near the head-stalk juncture of the RS with
partial RSP2 polypeptides, with the exception of the polypeptides containing a DPY-30 domain. Sucrose gradient fractions of the axonemal extract were analyzed
with Western blots probed for proteins as indicated. In the gradient of the wild-type control (top), all RSPs, including RSP1, -4, and -6 in the spokehead; RSP2,
-16, and -23 in the neck region; and the stalk, represented by RSP3, sedimented together as a single 20S peak (solid arrows). These components in the gradients
of ADPY (middle) and RSP2, _,,, (bottom) axonemal extracts no longer cosedimented with RSP3, except DPY-30 domain-containing RSP2 polypeptides and
RSP23 (open arrows). (B) Deletion of RSP2’s C-terminal tail perturbed the interaction of RSP2 and calmodulin. Calmodulin sedimented as three peaks in the
control gradient. The first peak, corresponding to the 20S RS, was absent in the RSP2, ,,, gradient (top), which lacks the 20S RS peak (A, bottom). In the presence
of 2 mM calcium, calmodulin-agarose affinity purification pulled down recombinant full-length RSP2 polypeptide or CaMB*, a full-length RSP2 in which two
positively charged arginine residues in the last predicted calmodulin-binding site were replaced with glycine residues (R581G and R584G). However, calmodulin
affinity is not evident for RSP2 fragments with aa 7 to 119 and 7 to 265. The N termini of these two RSP2 fragments were tagged with MBP for improved expression
and solubility. Pre, bacterial supernatant; Post, flowthrough; E1 and E2, two consecutive eluents with 2 mM EGTA. All polypeptides were revealed by Western

blots probed for molecules, as indicated.

The intensity and orientation of illumination affect the tra-
jectories of RSP2, ,,, cells. Although RSP2, ;,, cells were motile,
they appeared more agitated than the control at the initial screen-
ing when viewed with either an upright or an inverted microscope.
Their movement appeared irregular and brisk. However, the dif-
ference was not as evident when the light intensity was reduced or
a red filter blocked much of the short-wavelength light to which
Chlamydomonas is sensitive (25, 38, 41), indicating that this be-
havior was light dependent. Video microscopy (see Videos 1 to 3
in the supplemental material) and tracking of individual cells
from three representative strains showed that the trajectories of
RSP2,_,,, cells were similar to those of the control in dim light (D)
(60 Ix) (Fig. 8A, compare the left images of the control [Cont] and
1-120) but became much more irregular when the light intensity
was increased to the normal level routinely used for microscopy
(N) (1 klx) (middle column). The trajectories quickly returned to
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linear/helical when the light intensity was decreased again (right
column). Thus, the irregular movement was triggered by brighter
light and was reversible. Similar behavior was also observed in
three CaMB* strains (Fig. 8A, bottom row) in which the last pre-
dicted calmodulin-binding motif in the genomic construct was
mutated. Consistent with the effect of light, which causes an in-
crease in the intracellular calcium concentration (25), the irregu-
lar trajectories were not as evident when the free-calcium concen-
trations in the solution were reduced (Table 2). This suggests that
the C-terminal calmodulin-binding region in RSP2 is involved in
a calcium-dependent steering behavior. The velocity of RSP2,_,,,
cells recorded under dim light appeared only slightly lower than
those of the other two strains (Table 1).

It has been demonstrated that calcium changes the beat fre-
quency, waveform, phototaxis, and photoshock by affecting dy-
nein motors (31, 37, 56), as well as nondynein complexes, such as
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FIG 8 Light intensity and orientation affect the movement of RSP2, _,,, cells.
(A) Light microscopy imaging and tracking of cells in log-phase cultures. The
trajectories of wild-type control cells (Cont, top row) were largely helical when
the light intensity was shifted between dim (D) (60 1x) and normal (N) (1 klx).
In contrast, the trajectories of RSP2,_,,, cells were helical in dim light but
irregular in normal light intensity (1-120, middle row). The cells that ex-
pressed full-length RSP2 in which two residues in a CaMB motif were mutated
(CaMB*, bottom row) also exhibited light-induced irregular trajectories. (B)
The irregular trajectory was induced by the bright light perpendicular to the
glass surface. Control and RSP2,_,, cells swam in mostly helical paths when
light (6 klx), provided by the fiber optic of a gooseneck tungsten lamp, was
parallel to the glass slide (top, arrow). The trajectories of RSP2,_,,, cells be-
came particularly irregular when the fiber optic was placed perpendicular to
the slide. The light from the microscope was turned off (OFF).

the RS (6, 52). However, these features in RSP2,_,,, strains ap-
peared normal. In a typical photoaccumulation assay for testing
phototaxis (41) using a dual fiber optic-guided gooseneck tung-
sten lamp with a direction parallel to the bottom of the petri dish,
RSP2,_,,, strains and the control accumulated at equal rates to-
ward light of ambient intensity to 4 klx, a typical positive photo-
taxis. The cells accumulated away from light of higher intensity
(20 klx) as negative phototaxis. The opposite responses to differ-
ent light intensities were reversible. In addition, all displayed sim-
ilar phototaxis to a narrow light beam parallel to the glass surface,
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a method of assaying phototaxis under a microscope (38). Fur-
thermore, all exhibited photoshock in response to a flash of strong
white light (22, 38). We reasoned that the irregular trajectory of
RSP2, ;,, cells might be a different response in which light drove
them toward the perpendicularly oriented glass surface under reg-
ular microscopes. If this prediction was correct, the irregularity of
the trajectory would be less if light was parallel to the glass surface.
To test this, we altered the light direction by using a gooseneck
lamp that was also equipped with a tungsten light bulb, like our
light microscopes (Fig. 8B, schematic). Although this light beam
without a condenser was less focused than the microscope light
source, the irregular trajectory was not striking under the horizon-
tal illumination even at 6 klx (top). However, when the illumina-
tion was turned to a vertical orientation (bottom), RSP2, _;,, cells
immediately moved irregularly, presumably a heightened re-
sponse of the light-driven RSP2,_,,, cells when they encountered
glass. Under this condition, the trajectories of control cells also
appeared more irregular, but the irregularity was less pronounced
than in the RSP2,_,,, cells (Fig. 8B, compare the two right images).

Abnormal orientation and asynchronous flagella of RSP2,_
120 cells. To elucidate the cause of this new light-dependent phe-
notype, we carried out high-speed video microscopy with bright
illumination (>20 klx) perpendicular to the glass surface (Fig. 9A;
see Videos 4 and 5 in the supplemental material). Like wild-type
strains (51, 66), under such conditions, the control swimmers
moved in a helical trajectory with an oval cell body and synchro-
nized flagella with an asymmetrical waveform (Fig. 9A, top). We
also noticed that the swimmers were in different focal planes. In
contrast, RSP2,_;,, swimmers were largely concentrated near the
glass slide (bottom). Their flagella beat asynchronously, even
though they were not stuck, while their cell bodies appeared
spherical unless they were turning. This suggested that the control
cells and RSP2,_,, cells were oriented differently under the mi-
croscope.

The montage of time-lapse images, 1 per 20 frames (about one
of every two beat cycles), showed the progressive movement along
a curved path of a typical control cell with an oval cell body (Fig.
9B, top). The synchronized flagella and pyrenoid (white arrow)
were at opposite ends of the oval cell body. In contrast, RSP2,_,,,
cells with unsynchronized flagella did not translocate much hori-
zontally (Fig. 9B, bottom). The proximal ends of the flagella were
obscured, while the pyrenoid appeared near the center of a spher-

TABLE 2 Light-induced irregular movement of RSP2, _,, cells is
calcium dependent”

Trajectory in:
HEPES (10 HEPES (10

Growth mM), EGTA mM), calcium

medium (0.4 mM) (1 mM)
Strain D N D N D N
WT HS HS HS HS HS HS
Cont HS HS HS HS HS HS
1-120 HS IS HS HS HS 1S

“WT, Cont, and RSP2, _,,, cells from log-phase cultures were resuspended in growth
medium or HEPES with or without EGTA and calcium. The swimming behaviors of
these cells were recorded under dim (D; ~0.1 klx) and normal (N; ~1 klx) light
intensities. WT and Cont cells swam helically in the presence and absence of calcium,
while RSP2, _,,, cells displayed irregular motility only in the presence of calcium. HS,
helical swimming; IS, irregular swimming.
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ical cell body. Near the end of the footage, this RSP2, _,,, cell with
synchronized flagella was pulling into a horizontal position. These
images suggest that control cells tend to swim horizontally, with
the cell body axis parallel to the glass, whereas RSP2, ,,, cells
switch between this horizontal direction (oval) and the vertical
orientation (spherical, toward light) (schematics in Fig. 9B). The
consecutive images between the two frames (indicated by arrow-
heads) demonstrate the movement of two synchronous flagella in
a complete beat cycle of the control cell (Fig. 9C, top) and the
asynchronous beat of a turning RSP2, _,,, cell (Fig. 9C, bottom).
Recordings of cells from stationary-phase cultures that were less
light sensitive showed that the waveforms and beat frequencies of
RSP2, ,,, cells and control cells were similar. These observations
strongly suggest that RSP2, _,,, cells tend to be oriented perpen-
dicular to the glass surface but repeatedly attempt to swim away
from the confronting glass and light, leading to the irregular tra-
jectory. In contrast, under the same conditions, the control cells
could swim a long distance horizontally between the glass sur-
faces, not being brought to the glass surface repeatedly by photo-
taxis.

DISCUSSION

RSP2’s DPY-30 domain targets a helix for the assembly of the
spokehead region. This study demonstrates three functional units
in RSP2: the DPY-30 domain, the adjacent helix, and the C-ter-
minal extension (Fig. 3). RSP2,_,,,, with only the first two mod-
ules, restores missing RSPs to pf24 flagella (Fig. 6) and rescues
motility (Fig. 8), indicating that this short fragment is sufficient
for RS assembly and normal oscillatory beating. This finding sug-
gests that DYDC2, which is similar to this region and is found in
the cilium proteome (Fig. 3C), is an RSP2 orthologue and that its
gene is a candidate gene for primary cilium dyskinesia, a congen-
ital syndrome due to dysmotile cilia (19). Importantly, the func-
tion of this region is not limited to the DPY-30 domain, since the
RS composition is also restored in the paralyzed flagella lacking
the domain (ADPY) (Fig. 6). Therefore, the DPY-30 domain’s
adjacent helix in both RSP2 and DYDC?2 is involved in RS assem-
bly, possibly forming a coiled coil with an unknown spoke protein.
However, without the DPY-30 domain, the assembly is faulty, as
flagella are still paralyzed (Fig. 5) and the restored ADPY polypep-
tide and the other RSPs dissociate in 0.6 M KI buffer (66) (Fig. 7).
The tight association of DPY-30 domain-containing RSP2,_,,,
and RSP23 with the stalk (Fig. 7) strongly suggests that DPY-30
domains, like RITa domains, mediate docking, as well. In the case
of RSP2, it docks the flanking helix and the associated proteins to
the stalk for RS assembly. We cannot exclude the possibility that
there is some form of interallelic complementation between mu-
tated RSP2 polypeptides expressed by transgenes and the trace
amounts of the full-length RSP2 endogenous to the parental
strain. However, given their disparate stoichiometry and their
structural roles, we favor the hypothesis that RSP2,_,,,, with the
first two functional units, is sufficient for RS assembly and that the
calmodulin-binding region has a primary role in the regulation of
swimming.

We propose a working model to explain this assembly role. The
DPY-30 domain dimer (twin gray circles in Fig. 10A, left) and the
adjacent short helices (two gray rectangles) function as a two-
prong structural linker for the head-stalk connection in the RS.
The D/D domain binds to a site in one chain of an unknown
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FIG 10 Models depicting the roles of the molecular moieties in RSP2. (A) A
two-prong structural linker model of RSP2,_,,. (Left) One chain of an un-
known dimeric protein (lines) anchors the dimeric DPY-30 domain (gray
circles labeled D) that tethers the flanking helices (gray rectangles). The other
chain of the anchoring protein anchors the DPY-30 domains in dimeric
NDK-5. (Middle) Docking of DPY-30 facilitates the flanking sequences in
dimeric RSP2 and the dimeric anchoring protein forming coiled coils, thus
forming a dimeric platform for a symmetric complex. The four polypeptides
then recruit two spokehead paralogues (open circles; see the 90° view). The
DPY-30-containing NDKS5 is not illustrated for clarity. (Right) Without the
DPY-30 domain, the dimeric platform is uncoupled and unstable. (B) Effects
of calcium on RSP2’s C-terminal tail and the radial spoke. The tail interacts
with both calmodulin (CAM) and the spokehead. Calcium alters these inter-
actions, modulating the intermittent contact between RS and the central pair.
Only part of the 9 + 2 axoneme is illustrated.

dimeric RSP (black and gray lines), possibly analogous to the in-
teraction between RIIa and AKAPs (4). The same site in the other
chain may anchor the DPY-30 domain in NDK-5 (RSP23). The
docking ensures proper coiled-coil formation between the helices
in the RSP2 dimer and in its dimeric anchors. The four helices
further associate with the two spokehead paralogues, RSP4 and
RSP6 (large open circles in the middle), which are deficient in
ACT-Tag axonemes (Fig. 6). This model provides the molecular
explanation for a symmetrical Y-shaped spokehead-neck area in
traditional and cryoelectron micrographs (Fig. 1) (3, 24, 46) and
multiple short helices in the splayed spokehead (50). Additionally,
it explains chemical cross-linking of RSP2 and spokehead proteins
(32) and at least two proteins involved in the head-stalk connec-
tion (70). This subcomplex could further associate with other
spoke proteins, such as the dimeric spoke HSP40, which depends
on RSP2 for assembly (27). Notably, both HSP40 and the DPY-30
domain are dispensable for normal RS composition (66, 70), yet
flagella that lack either one jerk and cross each other sporadically
(Fig. 5), suggesting disrupted sequential activation of axonemal
dyneins (66). We envision that without either dimeric element,
the multiple molecules near the spokehead, though assembled,
cannot fold into the sturdy unit (Fig. 10A, right) required for
timely intermittent coupling between the CP and motors at the
outer doublets during rhythmic beating, leading to sporadic stall-
ing of jerky flagella.
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The dispensable calmodulin-binding region enhances
spokehead stability and steering. Although RSP2’s C-terminal
extension is absent in most RSP2-like molecules and is not needed
for oscillatory beating, it may serve an intriguing function for
Chlamydomonas—steering under perpendicular bright illumina-
tion and glass surfaces. While control swimmers can maintain
helical trajectories parallel to the glass surface, seemingly momen-
tarily unresponsive to incident light, RSP2,_,,, cells lacking this
region cluster near the glass slide, turning repeatedly with asyn-
chronous flagella (Fig. 8 and 9). This phenotype is unusual in
several respects. RSP2,_;,, strains are the first RS or CP mutants
that are fully motile. Despite the steering anomaly, their velocities
(Table 1) and the frequencies and waveforms of their flagella are
within normal ranges (Fig. 9). In contrast, dynein mutants that
swim with distinct trajectories have lower beat frequencies, shal-
lower bend amplitudes, and lower velocities (55). This phenotype
provides the evidence that fine-tuning the RS/CP control system
could affect synchrony and trajectories with a mechanism inde-
pendent of the waveform or beat frequency.

As flagellum-propelled movements are mercurial and remain
poorly understood (29, 47), we tentatively offer several specula-
tions regarding the asynchrony and steering anomaly of RSP2,_,,
cells. This reminded us of the spinning tendency of a transgenic
mutant defective in a calcium-binding motif of an outer dynein
docking protein (9). While these two strains exhibit intriguing
behaviors under light microscopes, both appear normal in all
other respects, including phototaxis and photoshock (25). Al-
though these two light-induced responses are the best-character-
ized calcium-induced motility changes (55), there are clearly more
calcium-induced flagellar behaviors (5, 7, 56, 58). Perhaps the
more than 30 calcium- and calmodulin-binding axonemal pro-
teins (35, 45) enable axonemes to generate an array of calcium-
induced changes under various circumstances, some as a single
switch while the others act in concert. As such, the mutation of a
potential calcium sensor may not exactly abolish phototaxis or
photoshock.

The steering anomaly of RSP2,_,, cells is correlated with the
reduced stability of their spoke heads (Fig. 7). RSP2’s C-terminal
extension may locally affect the spokehead to influence steering.
The spokehead contacts the CP intermittently, and the contact is
crucial for flagellar beating and synchrony (62, 66). It has been
shown that bright light selectively enhances the inherent asyn-
chrony of only one (trans) flagellum of an algal cell (29, 47). Per-
haps RSP2’s C-terminal tail and calmodulin strengthen the spoke-
head, constitutively or in a calcium-dependent manner, to
regulate the asynchrony rate. The inherent asynchronous inci-
dence in RSP2, _,,, cells may be slightly different from that of the
control, and the asynchronous tendency simply worsens or is suf-
ficient to prevent them from turning properly under the conflict-
ing stimuli of strong light and sticky barriers. Another interesting
possibility is that this region is part of a swim-to-glide switching
mechanism that is calcium dependent and that involves the RS
and the CP. When wild-type cells are stuck to the glass, the flagella
first become quiescent and then glide along the glass surface (5,
36). Perhaps for control cells that manage to swim away the in-
creased intraflagellar calcium from encountering glass alters
RSP2/calmodulin interactions and thus modulates the RS/CP
control system (Fig. 10B), momentarily blocking phototactic
turns and enabling the escapees to swim across the optic field. In
contrast, RSP2,_,, cells may be less likely to become quiescent
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and more likely to remain free swimming and phototactic, thus
repeatedly turning to light and reencountering the glass. Re-
gardless of the precise mechanisms, the Chlamydomonas-
unique tail in RSP2 could be considered one of the emerging
mechanisms by which a cell responds to simultaneous stimuli
(12). We are currently devising strategies to test these possibil-
ities.

In conclusion, RSP2 is comprised of multiple modules, like
calmodulin-binding proteins in the actin cytoskeletal system (59).
In the case of RSP2, the D/D domain docks a helix for RS assembly,
and its special calmodulin-binding tail modulates the spokehead,
enabling the biflagellate green alga to steer in a unique situation.
These roles in shaping and changing RS structure are a conceptual
departure from docking PKA and provide another example show-
ing that domain recombination drives the evolution of organismal
complexity (11): certain domains tend to associate with each
other, and the mix-and-match scheme reduces the need to evolve
entirely novel molecules. However, the rationales for docking var-
ious functional moieties via D/D domains may be identical. While
docking PKA enhances the spatial and temporal precision of its
promiscuous enzymatic activity, we speculate that docking struc-
tural modules, especially helices with coiled-coil propensity, en-
hances accuracy and efficiency in molecular interactions. In addi-
tion, the dimeric domain may be one of the tools to form a
symmetric complex, like the RS head (Fig. 1 and 10). These struc-
tural roles and the versatility of D/D domains explain the fact that
cilia and flagella are enriched with Rlla clan members (8, 21, 40).
They may be used to form symmetric complexes in the cytoskel-
etons of these organelles. Furthermore, the diverged sequences
provide a means to evolve cell-type-specific motility via the seem-
ingly identical 9 + 2 axoneme (46, 49, 55). It remains to be seen if
the structural role is also applicable to the small dimeric DPY-30
protein (60) that specifically affects H3K4 trimethylation (28) but
lacks any other noticeable feature.
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