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untagged wild-type (WT) RSP4 (Oda et al., 2014) supports this
assignment. The likely position of the C terminus of RSP4 in their
difference map (EMD-5849) is exactly at the tip of this protrusion in
our map (Fig. S1). The volume of this protrusion closely matches the
volume expected for one monomer of RSP4, as computed from its
sequence (56 nm3) (Table S1). Comparison with difference maps
between BCCP-tagged and WT RS complex (Oda et al., 2014)
enabled us to designate another protrusion as RSP6, which is a
paralog of RSP4 in C. reinhardtii (Fig. S1). The expected volume of
this protrusion (65 nm3) is consistent with that of monomeric RSP6
(56 nm3) (Table 1). In addition, the RSP4 protrusion and RSP6
protrusion bear resemblance morphologically (Fig. 3B), as expected
given the sequence similarity and identity between the two proteins.

Further RS protein assignment by analytical
ultracentrifugation and multi-angle light-scattering analysis
To further locate and characterize the otherRShead (RSP4, -9 and -10)
and neck (RSP16) proteins, we employed analytical

ultracentrifugation and multi-angle light-scattering measurements.
WeexpressedRSP4, -9, -10and -16usinganE. coli expression system.
Sedimentation velocity andmulti-angle light-scattering of each protein
indicated that RSP10 dimerizes in solution, whereas RSP4 and RSP9
exist asmonomers (Fig. 4),which is in a goodagreementwith expected
volumes from segmentation of our map (Table S1; Fig. 5).

The rest of the volume in one twofold symmetric unit corresponds
to two copies of RSP1. Therefore, we assigned RSP1 (dimer), RSP4
(monomer), RSP6 (monomer), RSP9 (monomer) and RSP10 (dimer)
in the twofold symmetric unit of the RS head region (Fig. 5A,
Table 1). The exact localization of those proteins is based on this and
previous biochemical and biophysical studies (see Fig. 5B).

We also attempted to detect interaction between RSP9, -10, and
-16 by analytical ultracentrifugation. Previously it was proved that
RSP16 forms a dimer (Zhu et al., 2019). However, no pair of these
proteins (RSP9–RSP10; RSP9–RSP16 and RSP9–RSP10–RSP16)
showed co-sedimentation within the given concentration range
in vitro (Fig. 4A,B).

Fig. 3. Interactions between RSP2 and RSP4
confirmed and localized using cross-linking mass
spectrometry. (A) The cross-linked peptides are near
the amino terminus of RSP2 (YVKNAEVEGNFYR59; at
its Dpy-30 domain for dimerization and docking) and
RSP4 (56KSTFDPK). (B,C) The amino and carboxy
termini of RSP4 and RSP6 are indicated in our single
particle structure, based on Oda et al. (2014) The
volume presumed to enclose RSP4 is colored green
and RSP2 is colored magenta.

Table 1. Molecular masses of radial spoke proteins of the head and neck regions, their estimated volumes, number of copies, and estimated
volumes of RS head and neck regions [based on theory, 2D-nonequilibrium pH gel electrophoresis (2D-NEPHGE; Yang et al. 2006) or the cryo-EM
map from this study (SPA)]

Radial spoke
proteins

Molecular weight
(theoretical/2D-
NEPHGE) (kDa)

Number
of copies

Volume (theoretical/2D-
NEPHGE/SPA) (nm3) Surface model

RSP1 78.6/123 4 7.716×105/10.75×105/7.89×105

RSP4 49.8/76 2
RSP6 48.8/67 2
RSP9 29.5/26 2
RSP10 23.5/24 4

RSP2 77.4/118 4 8.23×105/11.79×105/7.51×105

RSP23 61/102 4
RSP16 39/34 4
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