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SUMMARY

Microtubule doublet (MTD) is the main skeleton of
cilia/flagella. Many proteins, such as dyneins and
radial spokes, bind to MTD, and generate or regulate
force. While the structure of the reconstituted micro-
tubule has been solved at atomic resolution, nature
of the axonemal MTD is still unclear. There are a
few hypotheses of the lattice arrangement of its
o- and B-tubulins, but it has not been described
how dyneins and radial spokes bind to MTD. In this
study, we analyzed the three-dimensional structure
of Tetrahymena MTD at ~19 A resolution by
single particle cryo-electron microscopy. To identify
a- and B-tubulins, we combined image analysis of
MTD with specific kinesin decoration. This work
reveals that ao- and pB-tubulins form a B-lattice
arrangement in the entire MTD with a seam at the
outer junction. We revealed the unique way in which
inner arm dyneins, radial spokes, and proteins inside
MTD bind and bridge protofilaments.

INTRODUCTION

Microtubule doublets (MTDs) are highly conserved structural
components of the axoneme that usually form arrays of nine
MTDs arranged around two singlet microtubules (MTs) (9 + 2
structure) and consist of more than 400 proteins (Pazour et al.,
2005). Only a few are relatively well described regarding the ar-
chitecture in the axoneme and their functions: inner and outer
dyneins are ATP-driven motors, connecting between two adja-
cent MTDs, and radial spokes (RSs) are T-shaped protein com-
plexes protruding from MTD toward the central pair microtubule
singlet. Many other unidentified proteins in flagella/cilia are
believed to bind to MTD. Each MTD is made up of a complete
tubule (the A tubule) with 13 protofilaments (PFs), and an incom-
plete tubule (the B tubule) with probably 10 PFs. The PFs them-
selves are made up of tubulin heterodimers consisting of «- and
B-tubulins, similar to the singlet microtubule. Despite recent
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progress in our knowledge about axonemal structures, mainly
revealed by cryo-electron tomography (cryo-ET), the detailed
3D structure of MTD and the molecular arrangement of tubulins
within it have never been reported, due to lack of resolution.

The differences between a- and B-tubulin are subtle. Guano-
sine triphosphate binds to both the tubulins, but is hydrolyzed
only on B-tubulin. On the other hand, Taxol binds only to
B-tubulin. Some post-translational modifications targeting the
C terminus are specific to a-tubulin (Konno et al., 2012). The M
loop (amino acids [aa] 272-286 in the case of pig tubulin), which
participates in the lateral binding with the neighboring PF, has a
difference in conformation for both the tubulins (Nogales et al.,
1998). The stabilizing loop (aa 356-372 in the case of pig
a-tubulin), which corresponds to the Taxol-binding site in the
B-tubulin, is longer in a-tubulin than in B-tubulin (Amos and
Léwe, 1999; Nogales et al., 1998).

Axonemal MTDs from cilia/flagella have a complex structure. It
has been shown that each MTD is decorated with outer dynein
arms (ODAs), inner dynein arms (IDAs), radial spokes (RSs),
and dyneins regulatory complexes (DRC/nexin) with periodicities
of 24 nm (ODA) and 96 nm (IDA, RS, DRC/nexin) (Goodenough
and Heuser, 1985a, 1985b; Porter, 1996). More recently, cryo-
ET has revealed 3D structures of the axoneme at ~30 A resolu-
tion (Bui et al., 2008, 2009, 2012; Heuser et al., 2009; Movassagh
et al., 2010; Pigino et al., 2011). Cryo-ET described the arrange-
ment and the conformation of ODA, IDA, RS, and DRC/nexin,
and revealed components associated with the inside of the
MTDs of Chlamydomonas reinhardltii, Tetrahymena thermophila,
and sea urchin sperm (Nicastro et al., 2006, 2011; Pigino et al.,
2012; Sui and Downing, 2006), which are now referred to as
microtubule inner proteins (MIPs). While flagella of protists (e.g.
Chlamydomonas) and metazoans (e.g. sea urchin) share a similar
arrangement of MIPs, their composition and functions are
unknown.

Although the arrangement of these various external and inter-
nal MTD-binding proteins were studied by cryo-ET(Bui et al.,
2009, 2012; Heuser et al., 2012; Nicastro et al., 2011; Pigino
etal., 2011, 2012), the interfaces between these binding proteins
and tubulins are unknown. This is mainly because the cryo-ET
studies have not reached sufficient resolution to resolve a- and
B-tubulin subunits and distinguish between o- and B-tubulins.
To study the interface, we first have to locate tubulin subunits
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in MTD and identify the lattice pattern of tubulin isoforms to
reveal their lattice arrangement in MTD. Amos and Klug (1974)
pioneered the study on the arrangement of tubulin and proposed
different lattice types for the A and B tubules of the MTD, called
the A and B lattice, respectively. The A lattice is defined by a left-
handed helical arrangement of the PFs with a 4.9-nm stagger
between «-a and B-B tubulins from adjacent PFs, whereas the
B lattice is defined by a 0.92-nm stagger (12 nm/13 for a three-
start helix with 4 nm periodicity and 13 PFs). A three-start helix
with13-PF microtubule in B lattice will result in a discontinuity
called a seam (Kikkawa et al., 1994). On the other hand, based
on the diffraction study of MTD with kinesin binding, Song and
Mandelkow (1995) proposed that both tubules follow the B-lat-
tice type. However, both of these studies were based only on
2D diffraction from electron micrographs of negatively stained
MTDs. A 3D reconstruction with clear identification of tubulin
isoforms can resolve this controversy and help locate the seam
in the case of the B lattice. Other proteins that bind to cyto-
plasmic microtubules, such as kinesin (Cochran et al., 2009;
Sindelar and Downing, 2010), the MT-binding domain (MTBD)
of dynein (Redwine et al., 2012), and EB1 (Maurer et al., 2012),
were studied in detail by cryo-electron microscopy (cryo-EM)
at a resolution allowing tubulin isoforms to be identified. These
studies achieved higher resolution using a reconstituted system
by single particle analysis. Unfortunately, MTD has never
been reconstituted in vitro as it is a complex structure. For this
case, alternative techniques are needed to achieve 3D structural
analysis at higher resolution to allow an understanding of how
dynein tails, RSs, MIPs, and other binding proteins interact
with MTD.

The manner in which these external and luminal proteins bind
is intriguing: do they bind to the a- or B-tubulin? Do they bind in
the midst of the PF or between PFs? Do tails of inner dynein iso-
forms bind to the MTD in the same way as the MTBD? Do all
three RSs have the same pattern of interactions with the PFs?
Answers to these questions can be found by analyzing the lattice
arrangement of a- and B-tubulins in flagellar MTDs and the bind-
ing of other proteins on MTD. Identification of tubulin isoforms
in situ has not been possible by the previous approach of using
cryo-ET of the intact axoneme. Therefore, either a high-resolu-
tion MTD structure or decoration specific to a tubulin isoform is
needed.

In this study, we analyzed the 3D structure of MTD at unprec-
edented resolution using the single particle analysis cryo-EM
technique. Furthermore, by utilizing B-tubulin-specific kinesin
decoration to MTD, we identified the pattern of tubulin isoforms.
Thus, we revealed the lattice arrangement and the manner in
which ODAs, IDAs, RSs, and MIPs bind to the tubulin backbone.
We discuss these new findings in terms of structure and possible
function.

RESULTS

Single Particle Analysis of MTD Split from the Axoneme

The 3D structure of the MTD was reconstructed from 10,700
segments of 96-nm length, windowed from electron micro-
graphs of MTDs obtained by treating axonemes of T. thermo-
phila with salt and ATP (Figure S1C). Using the technique of
single particle analysis, the resolution evaluated by gold stan-

dard refinement Fourier shell correlation (FSC) at 0.143 criterion
(Rosenthal and Henderson, 2003) was 23 A, higher than any
previous structural analysis of MTDs reconstructed by cryo-ET
(Figure 1). The high-resolution structure demonstrated a distor-
tion in the A tubule as reported in the previous studies performed
using cryo-ET of intact axonemes (Bui et al., 2012) and split
axonemes (Sui and Downing, 2006). The distortion was ~20%
as measured by placing the long axis of an ellipse between
PFs A2 and A9. In terms of the number of PFs, the A tubule is
similar to a 13-PF microtubule. However, it is elongated in the di-
rection of PF-A8/A9 and PF-A2/A3 (Figure 2A). Here, we followed
the numbering of Linck and Stephens (2007), which is different
from the numbering in our previous work and Sui and Downing
(2006). For a more detailed insight into the PF numbering and
the corresponding differences, refer to Linck and Stephens
(2007). In the reconstituted microtubules the rise (stagger) of
subunits from one PF to the next is always uniform (0.9 nm),
whereas in the MTD it varies. The stagger of the subunits in the
area between the outer and inner junctions of A and B tubules,
called the ribbon region, is smaller when compared with the
rest of the A tubule, as shown in Figure 2E. These distortions
might be due to the binding of inner and outer proteins.

In this reconstruction, the density of each tubulin subunit is
distinguishable, enabling us to fit atomic models. On further ex-
tracting and averaging cubes of 16-nm edge lengths from the
96-nm repeating unit, the resolution (FSC = 0.143) was improved
to 19 A (24 AatFSC = 0.5). This unprecedented resolution was
due to lower total radiation damage, contrast transfer function
(CTF) correction during single particle analysis, and thinner vitre-
ous ice compared with the intact flagellum. The current resolu-
tion is sufficient to resolve each PF of both A and B tubules as
well as tubulin subunits, which was not clear by cryo-ET
(compare Figures 1A, 1D, and 1G and Figures 1B, 1E, and 1H,
respectively). The electron density for MIPs appears more
defined than that obtained by cryo-ET (Linck et al., 2014; Nicas-
tro et al., 2011; Pigino et al., 2012; Sui and Downing, 2006) (de-
tails discussed in the section on Microtubule Inner Proteins).
However, it is not possible to directly distinguish a- and B-tubulin
by eye. Therefore, we decorated MTDs with kinesin heads
(rk354) and did computational cross-correlation coefficient
(CCC) analysis to assign tubulin isoforms to characterize the lat-
tice patterns in the A and B tubules (discussed in the next two
sections).

The 19-A map highlights similarity and difference between PFs
from MTD and in vitro reconstituted pure MT (Alushin et al., 2014)
(PDB: 3J6F). In the 19-A density map, computed by low-pass
filtering the atomic models (Figure 2C), there is a difference in
density between the intra-dimer interface (i.e. the interface be-
tween a-tubulin and the distal B-tubulin within the same tubulin
heterodimer) and the inter-dimer interface (i.e. the interface be-
tween B-tubulin and the a-tubulin of the next distal tubulin heter-
odimer); density is higher at the intra-dimer interface than at the
inter-dimer interface. Similar phenomena were found in the map
of MTD, in many PFs (PF-A2-A6, A11-A13; PF-B1-B6, B8-B10);
a subunit is connected to an adjacent subunit with higher density
than to the other adjacent subunit (shown in grayscale gradient
and contour maps, on the right in each panel of Figure 2B and
Figure S2). The adjacent subunits are connected at the area
close to the external surface of the microtubule.
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Figure 1. Comparison of Axonemal Microtubule Doublet Structure from Cryo-Single Particle Analysis and Cryo-ET

(A-F) Single particle analysis.
(G-I) Cryo-ET (Pigino et al., 2012).

(A, D, G) Cross section of the axonemal doublet (seen from the distal [+] end). (B, E, H) Longitudinal sections of PFs of the A and B tubules at the same position on
the microtubule doublet structure (MTD) (top: distal [+] end; bottom: proximal [-] end). (C, F, I) The FSC curve showing the resolution. 23 A with gold standard
refinement FSC = 0.143 (31 AatFsc= 0.5)and 19 A (24 Awith FSC = 0.5) resolutions were achieved with single particle analysis (A-C) and further averaging with
16-nm periodicity (D-F), respectively. The PFs are well resolved and the tubulin subunits can be clearly distinguished. At the 37-A resolution attained with cryo-ET,

a good resolution for this technique, the PFs are not well resolved.

The scale bar in (A) indicates 8 nm and is applicable to all panels. The PF numbers are indicated in (H).

Assignment of «- and B-Tubulin Subunits by Kinesin
Decoration

The lattice arrangement for the A and B tubules of the MTD has
long been debated since the pioneer work of Amos and Klug in
the 1970s (Amos and Klug, 1974; Song and Mandelkow, 1995).
The tubulin isoforms have never been identified for each PF of
the MTD in 3D reconstruction maps. We attempted to identify
tubulin isoforms using cryo-ET of kinesin-decorated MTD, and
computational fitting of atomic models to single particle analysis.
Fitting between single particle analysis and tomography is based
on CCC and obviously proved by matching of MIPs (arrowheads
in Figures 2B and S2 and Video S1). Since kinesin is known to

bind to B-tubulin (Song and Mandelkow, 1993), using cryo-ET
and subtomogram averaging of MTDs decorated with mono-
meric kinesin rk354 (Figures 2A and 2B; Figure S1A and S1B),
we successfully distinguished B-tubulin from a-tubulin for all
the PFs in the B tubule (PF-B1-B10) and five of the A tubules
(PF-A2, A4, A5, A8, A9), as seen in Figure 2B (for PF-A5 and
PF-B1) and Figure S2 (for all the other PFs). Based on this assign-
ment, we concluded that the lattice arrangement of the B tubule
is B lattice. We could not conclude the same for the A tubule, as it
was not possible to decorate all PFs of the A tubule with kinesins
due to presence of outer proteins such as dyneins and RSs.
ODA binds to PF-A6 and A7, IDA binds to PF-A4, and RS binds
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to PF-A2 and A3. PF-A1 and A10-A13 are part of the ribbon re-
gion and hence are inaccessible to bind kinesin. Kinesin still
partially binds to PFs A2 and A4, enabling us to identify isoforms
(Figure S2). As B-tubule staggers are observed between PF-A4
and A5, and between PF-A8 and A9 with identified tubulin sub-
units in the A tubule, the lattice arrangement of the A tubule is
also likely to be B lattice as proposed by Song and Mandelkow
(1998) (Figure 2D). However, as kinesin binding was not found
on PF-A1, A3, A6, A7, and A10-A13, there is still a possibility
that few of these PFs take A-lattice staggers.

Another interesting finding is the density connection between
subunits mentioned in the previous section. In PF-A2, A4, and
A5, and PF-B1-B6 and B8-B10, where tubulin isoforms have
been assigned decisively based on kinesin binding, we found
a density connection between two adjacent subunits. In all
these PFs, the interface between subunits inside a dimer (intra-
dimer interface) has higher density than between dimers
(inter-dimer interface), as shown in Figure 2B (PF-A5 and PF-
B1; kinesin heads are indicated by arrows) and Figure S2
(PF-A2-A4 and PF-B2-B6, B8-B10). This suggests that arrange-
ment of the dimers can be determined by the differential den-
sities between tubulin subunits at the inter-dimer and intra-dimer
interface, as is also seen in the reconstituted microtubule
(Figure 2C).

Assignment of «- and B-Tubulin Subunits by Image
Analysis

For the PFs A1, A3, A6, A7, and A10-A13 where the tubulin iso-
forms could not be identified by kinesin binding, we tried to
assign the tubulin isoforms based on image analysis. As distin-
guishing criteria, we used (1) continuity of density within a dimer,
which we found in PFs A3, A4, A5, A8, A9, and B1-B10 and (2)
CCC between our 19-A density map and the pseudo-atomic
model of the PF. In all the PFs that have both kinesin binding
and density continuity within a dimer (PF-A1-A6; PF-B1-B6,
B8-B10), assignments based on kinesin binding and continuity
are consistent with each other. Therefore, we also attempted
to assign the pattern of tubulin isoforms based on CCC. We
generated the pseudo-atomic model of the PF (96 nm length)
which has a best fit to the high-resolution MTD structure from
single particle analysis (for details see Experimental Proce-
dures). We calculated the CCC between our density map of
MTD and the density map of the PF calculated from the
pseudo-atomic model. We also calculated the CCC using the
pseudo-atomic model shifted by 4 nm. Comparing these CCC
values (Table 1), we could judge which position of the pseudo-
atomic model is more likely fitted to the EM density map.
Although the difference between the CCC values is not very
apparent in some PFs, it supported our assignment of tubulin
isoforms based on either kinesin decoration or density continuity
within a dimer, except B10, in which CCC is lower with our
assignment based on kinesin and density continuity (we specu-
late that this is due to large density of MIP beside B10). We found
that the isoform assignment is consistent with kinesin-based
assignment for PFs A2, A4, A5, and B1-B10. It also corroborates
with our observation that density is more continuous in the intra-
dimer interface than in the inter-dimer interface in PFs A2-AG,
A11-A12, B1-B6, and B8-B10 (Figure S2): according to the iso-
form assignment based on CCC, continuous density is found

within a dimer. Therefore it is reasonable to characterize the
pattern of tubulin isoforms in all the PFs except B10 based on
CCC values and the density at intra- and inter-dimer interface
(Figure 2; Figure S2). PF-A10 did not show clear difference of
CCC between our EM density and the atomic model with 4-nm
shift, and moreover we could not find a difference in connection
between adjacent subunits, leaving the assignment of isoforms
for PF-A10 still ambiguous (the assignment of A10 based on
CCC is shown in Figure S2). Even with this ambiguity located be-
tween A9 and A11, we can conclude that the arrangement of A
tubule is B lattice (Figure 2D).

The assignment of the tubulin subunits indicates the presence
of a seam between PF-A9 and A10 or between PF-A10 and A11
(according to CCC-based assignment, it is between PF-A10 and
A11). This means that the seam is closer to the outer junction
(Figure 2C). As tubulin subunits for all PFs (except A10) were as-
signed, we calculated the axial staggers between protofilaments
in the A and B tubules. The stagger of tubulin subunits between
adjacent PFs in the ribbon region (0.58 + 0.05 nm) is significantly
smaller than what is expected in a B lattice (0.92 nm), compared
with the rest of the A tubule (0.97 + 0.14 nm) and the complete B
tubule (0.90 + 0.12 nm) (Figure 2E).

Microtubule Inner Proteins

The class of proteins known as MIPs has been previously re-
ported in T. thermophila, C. reinhardtii, and sea urchin sperm
(Linck et al., 2014; Nicastro et al., 2011; Pigino et al., 2012; Sui
and Downing, 2006). MIPs 1-4 were commonly observed among
these species. Taking research in this area a step further, our
high-resolution structural analysis with T. thermophila shows
the presence of additional MIPs, and the structures of known
MIPs were revealed in more detail (Figure 3B), while no MIP
found by tomography (Pigino et al., 2012) was lost in this single
particle analysis study. Docking the 23-A MTD structure to the
pseudo-atomic model of tubulin (described in the previous sec-
tion) enabled us to identify the periodicity and detailed positions
of the MIPs binding in the lumen of both A and B tubules. In our
study, MIPs 1-4 were shown to have different structures from
those given in the previous reports (Nicastro et al., 2011; Pigino
et al., 2012), probably due to the resolution limitation of cryo-ET
and species differences. In Chlamydomonas, MIP1 makes an
arch-like structure, connecting PF-A5 and A6 (Figure 3C of Pi-
gino et al., 2012; Figures 4B and 4D of Nicastro et al., 2011),
whereas in Tetrahymena it is much smaller and only binds to
PF-A5 (Figure 3B). In Chlamydomonas, MIP2a and MIP2b have
distinct morphologies and sizes (Linck et al., 2014; Nicastro
et al., 2011), whereas at current resolution, in Tetrahymena the
slight differences between MIPs 2a and 2b become more evident
(Figure 3B). MIP3a and MIP3b make a cage-like structure sur-
rounding PFs A1, A13, B10, and B9, keeping the A and B tubules
together at the inner junction of the MTD (Figures 3B and 3C).
The position of MIP3 matches that of FAP20 in C. flagella (Yana-
gisawa et al., 2014), suggesting that FAP20 is at least one
component of MIP3. At the outer junction, a continuous laminar
sheet connecting PF-A11 to PF-B1 is found (Figures 3B and 3C).
At lower resolution, MIP4 barely appeared, and the position and
periodicity could not be well characterized (Nicastro et al., 2011;
Pigino et al., 2012). At our current resolution we could distinctly
identify three components (MIP4a, 4b, and 4c) appearing on
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Figure 2. Assignment of Tubulin Subunits Using Single Particle Analysis and Electron Tomography

(A) (Left) Single particle analysis of MTD (the protofilaments have been numbered based on Linck and Stephens, 2007). (Right) Subtomogram average obtained

using cryo-electron tomography of kinesin-decorated MTD. Top: View from the tip of cilia (plus end of MT). Bottom: Side view; kinesin-heads binding to PF-B5

and B6 are indicated by black rectangles, showing the B-lattice stagger.

(B) Longitudinal sections (parallel to the planes indicated by the red dashed lines in A). Left of each panel: cryo-ET of kinesin-decorated MTD (ocher) with fitted

atomic models of tubulin isoforms identified based on kinesin binding (green: o; blue: B). Center of each panel: single particle analysis of MTD. Density
(legend continued on next page)
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Table 1. Assignment of PFs

across two or more PFs (Figure 3C). MIPs 1 and 5 are on individ-
ual PFs (Figure 3C). Except for MIPs 3 and 5, all the MIPs bind in

Protofilament Number Continuity .
(* Indicates Kinesin CCC Value CCC Value within the the lumen of the A tubule (Figure 3A).
Decoration) (as Fitted) (Shifted 4 nm)  Dimer MIPs 1a (molecular weight [MW] ~18 kDa; based on the calcu-
A 0.7879 0.7871 yes lation (t);th;}l/_)olun;i: z:&i/r\r;erj,ksgc)h;hadt ’éh(: densi:t[y is tentz)ullgh(:}.o
cover the an ~ a) bind between two tubulin di-
= 0.7903 0.7681 bES mers on PF-A5 (Figure 3B). MIP2a and MIP2b (both with MW
= L) B9 yes ~41 kDa) bind B-tubulin and alternate every 16 nm along PF-
A4 0.9099 0.9058 yes A9, connecting to MIP4c without contacting PF-A10 (Figure 3C).
A5* 0.9282 0.9186 yes MIP3a (MW ~90 kDa) has a unique structure, connecting the A
A6 0.9475 0.9389 yes and B tubules to each other in an interesting manner (Figure 3C).
A7 0.9290 0.9252 no MIP3a binds on PF-B10 with a wide interface and also connects
A8 0.9086 0.8941 o to PF-B9 via a-tubulin. Another branch of MIP3a binds to «- and
MO T R to tibuins on PF-B10. and B9. Both MIPda and MiPGb
o B-tubulins on - an . Bo a an
i 0.8653 0.8637 no (MW ~15 kDa) contact PF-A1 as well. MIP4a (MW ~12 kDa)
- 0.9393 0.9362 yes and MIP4b (MW ~6 kDa) bind to a-tubulins on PF-A11 and
A12 0.9401 0.9369 yes A12, whereas MIP4c (MW ~3 kDa) binds to B-tubulins on PF-
A13 0.9174 0.9166 yes A11 and A10 (Figure 3C). MIP5 binds between the tubulin sub-
B1* 0.7939 0.7847 yes units of a dimer on PF-A12 (Figure 3C). MIP6 (MW ~11 kDa)
B2* 0.8960 0.8900 yes has the longest span within the A tubule, binding to a-tubulins
B3* 0.9502 0.9437 yes on PF-A1 and A3 as well as between the tubulin subunits of a
B4* 0.9567 0.9544 yes dimer on PF-A2 (Figure 3C).
Bes 0.9581 0.9555 e Binding of Dyneins and Radial Spokes
E5) D=2l e yes To identify the locations of various outer binding proteins such as
B7* 0.9237 0.9191 no dyneins and RSs, the medium-resolution tomographic structure
B8 0.8499 0.8440 yes of MTD (EMD: 2132) (Bui et al., 2012) (Figures 1G and 1H) was
B9* 0.8736 0.8716 yes fitted with the pseudo-atomic model derived from our high-res-
B10* 0.9002 0.9033 yes olution MTD structure from single particle analysis (Video S1).

PF-A10, A11, and A12 (Figures 3B and 3C). The apparent period-
icity is 16 nm, whereby the distances between MIPs 4b and 4c
and between 4c and 4a are each 4 nm. MIP5 and MIP6 were
identified for the first time and were named sequentially. MIP5
binds every 16 nm along PF-A12, facing toward the lumen of
the B tubule (Figures 3B and 3C). MIP6 is a complex, continuous
structure spanning PF-A1, A2, and A3 every 8 nm (Figures 3B
and 3C). The periodicity of MIPs 1-3 is conserved between
Tetrahymena and Chlamydomonas.

Binding of MIPs

MIPs were distinctly located either on or between the PFs, either
on a tubulin subunit or bridging the two subunits of a dimer. The
elements of MIP4 bind between PFs, while MIPs 2, 3, and 6 span

All the IDAs bind on PF-A3 and A4 (Figure 4A). In this study,
we call inner arm dynein isoforms based on their loci following
the naming in Chlamydomonas flagella (Bui et al., 2012). It is
known that the tails of dyneins a, c, g, and d are fused with the
base of RSs, and dynein e is fused with the DRC (Bui et al.,
2008; Pigino et al., 2012). In our analysis, dyneins a, b, c, e,
and g bind to the tubulin backbone, all emerging from B-tubulins
of PF-A3 and settling on PF-A4 (Figure 4A). The interface covers
most of the external surface of the -tubulin of PF-A3 and ~4-nm
proximal site on PF-A4 (blue atomic models in Figure 4A). How-
ever, there is slight variation of interfaces for inner dynein spe-
cies. Dyneins a and e fully settle on B-tubulins of PF-A3, while
dyneins b, c, and g stem from the boundary between two adja-
cent dimers of PF-A3.

The three RSs bind on PF-A2 and A3 (Figure 4B). RS1 and
RS2 bind to the dimers of PF-A2 and A3. In our previous

corresponding to one PF is presented as a gray surface-rendered model with fitted atomic models. Right of each panel: contour and gradient density maps from
single particle analysis (black: high density; white: low density; contour lines are shown in white). The contour and gradient density maps were calculated from the
projection of slabs of 30 Athickness, enough to cover a tubulin molecule. Only the high-density core part is shown to highlight the difference in density continuity
at the intra- and inter-dimer interface. Dimers were assigned based on either kinesin binding or density continuity in the contour map. Only PF-A5, A11, and B1 are
shown. The other PFs are shown in Figure S2. The arrows and arrowheads indicate kinesin heads and MIPs, respectively. Luminal side of all PFs is on the right.
Proximal (—) and distal (+) ends are indicated in PF-A5 and apply to PF-A11 as well as B1.

(C) Sections from a reconstituted microtubule (low-pass filtered from 3J6E). In (B) and (C), each dimer is indicated by horizontal dotted lines.

(D) Oblique perspective views of the MTD model as seen from the outside, showing the lattice arrangement of A and B tubule as well as outer and inner junctions.
The model was generated by low-pass filtering (to 12 ,&) the fitted pseudo-atomic model and trimming. Objects farther away from the reader are shown in pale
colors. PF-A10 is colored gray, as we could not decisively identify the pattern of the isoforms.

(E) View of the outer junction (left), ribbon (center), and inner junction (right) as seen from the inside of the MTD. The average axial stagger of tubulin subunits
between adjacent PFs within the B tubule, ribbon, and A tubule is indicated in the left, center, and right panel, respectively. Proximal and distal ends are indicated
with — and +, respectively.
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A = MIP1 Figure 3. Location and Conformation of MIPs in the Single Particle
H MIP2 Analysis Map
0
. o MIP3 (A) Surface-rendered cross section of the MTD seen from the tip of cilia, de-
= MIP4 picting the location of various MIPs (MIPs 1-6 and laminar sheet), their binding
. @ = MIP5 to the PFs, and the distortion of A tubule. The numbers of protofilaments in A-
< 7 B MIP6 and B-tubules are indicated.
\6 B Lafiinas (B) Longitudinal sections (sectioned parallel to the MTD axis) of MTDs showing
\

the periodicity and location of various MIPs and the laminar sheet. Each MIP
has its characteristic density and pattern along the PF. The distal end is at the
right. Distances between MIPs are indicated. PFs are labeled at the right and
seen from the inside of MTD.

(C) MIPs juxtaposed on the pseudo-atomic model of MTD. Green, a-tubulin;
blue, B-tubulin. To compare the positions of MIPs easily, the frames of the
panels are fitted to have a- and B-tubulins approximately at the same position.

tomography study (Pigino et al., 2011), the distance between
RS1 and RS2 was 32 nm, four times the 8-nm tubulin period-
icity. However, in Figure 4B the interfaces to the microtubule
are significantly different between RS1 and RS2, probably
due to the difference of adaptor proteins. RS3 is known to be
different from RS1 and RS2, both structurally and in terms of
components (Pigino et al., 2011). Indeed, our structural study
proved that the binding site of RS3 is different from RS1/
RS2: it appears mostly to bind to one dimer of PF-A3, while
RS1 and RS2 bind both PF-A2 and A3 (Figure 4B). Details of
binding types and sites for various outer and inner proteins
are summarized in Table 2.

Microtubule-Binding Domain of Outer Arm Dyneins

We examined the location of the MTBD at the tip of the outer
arm dynein stalk on MTD. Normally MTBD did not appear in
the average of MTD using 96- or 24-nm periodicity. This was
because we detected periodicity based on dyneins binding to
the A tubule via tails and not based on dyneins binding via
MTBD to the B tubule, at the opposite side of the MTD. There-
fore, MTBDs were averaged out. In this study, we classified
averages of subtomograms extracted from individual MTDs
from Chlamydomonas ida1 mutant in the absence of additional
nucleotides (Bui et al., 2012) to see MTBDs, and obtained three
classes (Figure 5A). These show identical structures of MTD and
dynein binding to the A tubule, but the positions of MTBDs, and
therefore ODAs on the adjacent MTD, vary. The position of
ODAs on the adjacent MTD in classes 2 and 3 are shifted 8
and 16 nm along the MTD relative to class 1. Also, in each class,
the y-dynein on the MTD is axially located at the same position
as the B-dynein on the same MTD (Figure 5A). The axial shift of
the ODAs between the three classes indicates a relative shift
(8 or 16 nm) between adjacent MTDs. The position of MTBD
on MTD in all three classes is consistent with our atomic model
fitting and is between a- and B-tubulins within a dimer (Fig-
ure 5B). This means that MTBD binding to the B tubule is at
the same position as the cytoplasmic dynein dimer (Redwine
et al.,, 2012) and independent of the binding of dyneins on the
A tubule.

DISCUSSION

Lattice of o/ Tubulins
Our single particle analysis of MTD, cryo-ET of MTD decorated
by kinesin heads, and 3D image analysis showed that both A
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and B tubules of MTD have the B-lattice arrangement. The seam
of the A tubule is placed close to the outer junction, either be-
tween PF-A9 and A10 or PF-A10 and A11 (Figures 2D and 2E;
Video S1). This observation is in contrast to the proposed pres-
ence of the seam close to the inner junction, which was based on
a negative-stain EM study with kinesin decorated on the tubulin
sheets extending from open MTD sheets (induced by adding
exogenous brain tubulin to the MTD) (Song and Mandelkow,
1995). Although there might be reservation in our tubulin assign-
ments for PF-A10 to A13 (ribbon region), which lacks direct evi-
dence from kinesin binding, the tubulin assignments at the outer
junction based on kinesin binding also show discrepancy be-
tween our current work and their work: at the outer junction
PF-A9 and PF-B1 are shifted 4 nm (Figure 2D), while in their
work corresponding PFs are in the same order. At the inner junc-

Figure 4. Details on Binding of Inner Arm
Dyneins and Radial Spokes

Surface-rendered longitudinal and cross sections
of the MTD (from single particle analysis), depicting
the binding of various IDAs and RSs to the PFs.
IDAs from tomography (EMD: 2132) are juxta-
posed in red in (A) and RSs in cyan in (B). IDAs
(dyneins a, b, c, e, g) bind in a similar style to the
backbone of PF-A3 and A4. RSs appear to bind
similarly, spanning over PF-A2 and A3. In the lon-
gitudinal sections the proximal end is at the left
and distal at the right. In the end-on views, the
distal end is oriented toward the reader. Green:
a-tubulin; blue: B-tubulin.

tion, PF-B10 (Figure 7 of Song and Man-
delkow, 1995) and PF-A2 are in the
same order, showing agreement between
our results and theirs. The procedure
used by Song and Mandelkow (1995)
may have caused rearrangement of PFs
during the extension. Judging from the
fact that the reconstituted MTs have a
B-lattice arrangement, adjacent PFs are
likely more stable in the B-lattice type
configuration and they adopt the A-lattice
configuration only when the cylindrical
geometry does not allow a continuous B
lattice, hence a seam results.

MIPs

All the MIPs found in this study have peri-
odicity of integer times of 8 nm, indicating
connection to tubulin periodicity. MIPs 3a
and 3b are localized between PF-A1, A13
and PF-B9, B10. This is the same position
as that of FAP20 proved by biotin-car-
boxy carrier protein tagging (Yanagisawa
et al., 2014). Since the MW of FAP20 is
22 kDa, MIP3a (volume corresponding to
90 kDa) is likely a candidate of a complex
involving FAP20, although the possibility
of FAP20 flexibly existing at the MIP3b
position cannot be excluded. While the
past report assigned the density on the ribbon and inside the A
tubule to a filamentous structure (Linck et al., 2014), our analysis
indicated that MIP4 has rather discontinuous density (Figures 3B
and 3C), and filamentous density exists on the ribbon but outside
the A tubule (Figure 3A).

The structure of MIPs raises a number of questions and sug-
gests speculations regarding these uncharacterized proteins in-
side MTDs. Why do so many types and subtypes of MIPs exist?
What do the differences in the structure and distribution of these
molecules reflect in terms of their function? Although MIP struc-
ture appears different in various species, the periodicity is
conserved, suggesting a common function in all motile species.
During bending shear forces should arise between adjacent
MTDs, and flagella need to be robust enough not to fall apart,
yet at the same time be flexible enough to allow sliding and
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Table 2. Binding Location of Outer and Inner Proteins

Proteins Binding Locations
MIP 1a, 1b A5"©

MIP 2a, 2b BA9"°, A9/A10"®
MIP 3a B9/A131e

MIP 3b BB10/aA1*®

MIP 4a aA11/A12%®

MIP 4b aA11/A12%®

MIP 4c BA11*©

MIP 5 INPES

MIP 6 aA1*e, A2/A31e
Dynein a A3/A41e

Dynein b A3/A4te

Dynein ¢ A3/A4+e

Dynein e BA3/aA4"®
Dynein g A3/A4"e

RS 1 A2/A31®

RS 2 A2/A31-*

RS 3 BA2/A3*®

Dynein d position could not be precisely located.
*Binding on one subunit of the dimer.

'Binding between subunits of the dimer.
Binding between dimers.

°Binding on a protofilament.

*Binding between protofilaments.

bending. The PFs composing each MTD should experience a
similar stress. We observed that most of the MIPs bind not
only to a single PF but interact with two or three PFs (Figure 3;
Table 2). The lattice distortion in the A tubule was ~20% (Fig-
ure 2A), meaning that PFs do not follow an exact helical arrange-
ment distinguishing it from a 13-PF MT. Further observations
revealed that at some places where MIPs are found, the distance
between adjacent PFs appears to be abnormally wide (PF-A1-
A2, A9-A10, and A4-A5 in Figure 3A). These facts suggest that
the MIPs are a key factor in distinguishing the MTD from the cyto-
plasmic MT both structurally and functionally. Such a distortion
in the tubule does not compensate for the presence of the
seam, which is a common feature of the doublet and the singlet.
Itis not yet clear whether the presence of MIPs causes the distor-
tion or whether the MIPs help maintain the integrity of the dis-
torted PFs.

The diverse binding sites for the inner and outer MTD-binding
proteins might reflect the diverse functions they perform. So far,
we know that the dynein stalk binds on a single PF between the
two subunits of a dimer (Redwine et al., 2012), and although
kinesin and dynein share an overlapping MT-binding site (Mizuno
et al., 2007), they move in opposite directions and carry different
cargoes. On the other hand, EB1 binds between PFs (Maurer
et al., 2012). Our study revealed that a few inner and outer pro-
teins bind on PF (e.g. MIP5), others bind between PFs (e.g.
MIP6), and a few have multiple binding sites (e.g. RSs, dynein
tails, and MIP3). Similarities in binding site might suggest com-
mon binding mechanisms or conserved binding domains,
although it is difficult to comment further on the similarity in
mechanism or function at the current resolution.

EXPERIMENTAL PROCEDURES

MTD Preparation

The T. thermophila SB210 strain used in this study was obtained from the
Tetrahymena Stock Center (Cornell University) and cultured in protease
peptone medium (Orias et al., 2000). Cilia were isolated using the dibucaine
method to induce deflagellation (Witman, 1986). In detail, cells were exposed
to 2 mM dibucaine and the reaction was stopped after 2 min with 30 mM
HEPES (pH 7.4), 5 mM MgSO,4, 1 mM DTT, 0.5 mM EDTA, 25 mM KCI
(HMDEK buffer), and 4 mM CaCl,. Extracted cilia were sedimented at
9,500 x g for 15 min at 4°C, demembraned with HMDEK buffer and 0.8%
NP-40, and sedimented again. MTDs (split axonemes) were obtained by
exposing the demembraned cilia to 0.4 mM ATP (Maheshwari and Ishikawa,
2012) and further washing with 0.6 M NaCl to remove the dyneins (Fig-
ure S1C). Taxol was not added throughout this preparation. Washed MTDs
were sedimented at 9,500 x g for 15 min at 4°C. Protein concentration was
determined according to the Bradford method (Bradford, 1976) using BSA
as the standard.

Protein Expression and Purification

Monomeric kinesin, rk354 (aa 1-354 of Kif5c), was constructed by PCR from
the rat kinesin Kif5c and cloned into a modified pET-32a vector (Novagen)
with a C-terminal Hise. After Gly234Ala mutation, the construct was expressed
in Escherichia coli BL21-CodonPlus (DE3) RIL (Stratagene). This mutant binds
to microtubules with high affinity but is deficient in ATP hydrolysis and does not
move on microtubules (Rice et al., 1999). Cells were collected, resuspended in
buffer A (20 mM PIPES-KOH [pH 6.8], 300 mM KCI, 0.1 mM ATP, 1 mM
MgS0O,, 0.01 mM EGTA, 0.5 mM DTT, and 10 mM imidazole), supplemented
with Complete Mini, EDTA-free (Roche), and lysed. Following centrifugation,
the soluble protein in the supernatant was purified by Ni-IMAC resin (Bio-
Rad) and eluted with buffer B (20 mM PIPES-KOH [pH 6.8], 300 mM KClI,
0.1 mM ATP, 1 mM MgSQO,, 0.01 mM EGTA, 0.5 mM DTT, and 300 mM imid-
azole). The elution buffer was exchanged with BRB80 (80 mM PIPES-KOH
[pH 6.8], 1 mM EGTA, and 1 mM MgCl,) with a NAP-5 column (GE Healthcare).
The purified rk354 (G234A) was aliquoted at a concentration higher than
1 mg/ml and frozen under liquid nitrogen.

Kinesin-Decorated MTD

The kinesin-binding preparation was done directly on the plasma-cleaned EM
grid, just before freezing. After depositing 3 pl (0.5 mg/ml) of the washed MTDs
on the grid, 3 pl of assay buffer (50 mM imidazole, 5 mM Mg-acetate, 1 mM
EGTA, 50 mM K-acetate, 10 mM DTT, 0.1% Triton X-100, 2 mM 5-adenylyl imi-
dodiphosphate) was added, followed by addition of an equimolar concentra-
tion of kinesin (rk354).

Data Collection for Cryo-ET and Single Particle Analysis

For single particle analysis of MTD, 3 pl (0.5 mg/ml) of washed and separated
MTDs was deposited on the grid. The grids with frozen-hydrated samples were
transferred to a Tecnai F20 transmission electron microscope (FEI) at 200 kV
by a Gatan 626 cryoholder (Gatan) cooled by liquid nitrogen. Micrographs
were collected with the 4k X 4k Gatan UltraScan 4000 CCD camera, at
67,000x nominal magnification, and with the defocus ranging from 2 to
4 um. The electron dose on the sample was between 15 and 25 e/A2,

For the cryo-ET of kinesin-decorated MTD, after the addition of monomeric
kinesin, 3 pl of 10-nm gold colloidal particles were applied to the grids, and the
grids were then plunge-frozen. Images were collected as described previously
(Bui et al., 2008, 2009; Movassagh et al., 2010; Pigino et al., 2011) using an en-
ergy filter (Gatan GIF Tridiem), and a 2k x 2k CCD camera (Gatan UltraScan
1000). Exposures were made at a nominal magnification of 19,303x and an
underfocus of 3-5 um. Tomographic image series from —60° to 60°, with 2°
tilt increments, were acquired using Explore3D software (FEI). Images were
collected with an exposure time of 0.1-0.2 s and energy filter width of 20 eV.
The total dose was between 30 and 60 e/AZ.

Single Particle Analysis of 96-nm Repeating Unit of the MTD

For single particle analysis, micrographs with high defocus and astigmatism
were rejected and the rest were used for particle picking (using x3d [Conway
and Steven, 1999]) based on the 96-nm periodicity of RS. We used particles
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Figure 5. Binding of MTBD of Outer Arm Dyneins on MTD as Shown in Classified Subtomogram Averages

(A) Sections of MTD from ida1 mutant of Chlamydomonas after classification of subtomograms based on the positions of MTBD of outer arm y dyneins extended
from the adjacent MTD. Sections of y and B dyneins are shown in the left and right panels, respectively.

(B) Surface rendering with atomic models of cytoplasmic dynein (PDB: 3VKG) (Kon et al., 2012) (shown in purple) and tubulins (green, a-tubulin; blue, B-tubulin)
fitted to MTD from our single particle analysis (pink). Atomic models of dyneins were fitted to the density of the y-dynein. MTBD binds between - and B-tubulins

within one dimer.

from all MTDs, since there is no asymmetrical molecular arrangement found in
Tetrahymena cilia (Pigino et al., 2012), unlike in Chlamydomonas (Bui et al.,
2012). CTF parameters were measured from each micrograph, and phase flip-
ping was applied to each particle. Projection matching was performed using
the tomographic structure of Tetrahymena MTD in the intact axoneme (Pigino
etal., 2012) as the initial reference. Initially, each particle was low-pass filtered
at 20 A and high-pass filtered at 500 A (Butterworth filter), matched with pro-
jections from the reference, and aligned accordingly. Projection matching
was limited within 30° of elevation angles with respect to the horizontal plane,
since MTDs mostly show side views (Figure S1D). Particles matching the same
projection were classified and averaged together. All the class averages were
further back-projected to achieve the final 3D structure. The procedure was
repeated for 40 iterations. After ten iterations, the projections were made
from the updated reference at smaller angular difference. For the final round
of iteration, projections were made at every 2°. Ultimately 10,700 segments
were used. The resolution of the final structure was 23 A using the criterion
of 0.143 as the gold standard refinement FSC (Rosenthal and Henderson,
20083) of two reconstructions from two groups (each containing 5,350 seg-
ments) aligned in the final iteration. All steps from CTF correction to 3D struc-
ture calculations were performed with SPIDER (Frank et al., 1996).

Reconstruction of 16-nm Repeating Unit of the MTD
Since most of the MIPs in the 96-nm repeating unit of the MTD have periodicity
of 16 nm, we attempted to obtain the structure of the 16-nm repeating unit of
the MTD from the 96-nm unit map as this would be equivalent to a 6-fold in-
crease in input data. Six 16-nm repeating units were boxed out from the
96-nm single particle analysis map, aligned, and averaged together, giving
rise to a 3D structure at an improved resolution of 19 A.

Surface rendering and visualization of all maps was done using UCSF
Chimera software (Pettersen et al., 2004). Contour maps were generated by
MATLAB image processing toolbox (MathWorks).

Subtomogram Averaging of Kinesin-Decorated MTD
Tomograms of kinesin-decorated MTD were reconstructed by IMOD (Kremer
et al., 1996) with fiducial marker alignment and R-weighted back-projection.

The averaged tomographic map of the 96-nm repeating unit of the kinesin-
decorated MTD showing RS or dynein was obtained as described in detail
by Bui et al. (2008, 2012). The structure of Tetrahymena MTD in the intact
axoneme (Pigino et al., 2012) (MTD without kinesin) was used as the initial
reference for the kinesin-bound MTD.

Datasets with no RS or dynein could not be included in the initial average.
These subtomograms along the same MTD were aligned and averaged. The
polarity of the MTD was determined based on the polarity of kinesin, with
the kinesin head facing downward toward the plus end of the MTD (Fig-
ure S1A). After that, those subtomograms were aligned with the averaged
map with RS and dynein and combined into a final average. This alignment
may cause a 48-nm shift, which does not affect the assignment of tubulin iso-
forms. Localization of kinesins bound to the MTD was done by comparing the
final kinesin-bound MTD tomographic map with the unbound MTD (Pigino
et al,, 2012) (Figures S1A and S1B).

Building the Pseudo-Atomic Model of the MTD and the Assignment
of the Tubulin
The pseudo-atomic model of MTD based on our single particle analysis from
T. thermophila was built by fitting the atomic model (Alushin et al., 2014). We
initially fitted their atomic model of PFs to our structure and adjusted the posi-
tion of tubulin dimers to maximize CCC, assuming that the tubulin dimer is
rigid. We made another pseudo-atomic model by shifting the atomic models
4 nm along MTD and fitting them to our map. CCC was calculated by low-
pass filtering the atomic models to 20 A, with the threshold of the doublet
structure such that the atomic models were sufficiently overlapped with the
structure (1%-4% atoms outside the contour). Only the data above the con-
tour level from the first map were used. The CCC values for both of the PF
models are listed in Table 1. Similar CCC analysis with exact conditions was
also performed with the pseudo-atomic model, low-pass filtered at 15 and
25 A, and the assignment turned out to be the same, which strengthened
our computational assignment.

To distinguish between the «- and B-tubulin in a PF, another approach using
kinesin decoration was taken: for PFs-A2-A5, A8, and A9 as well as all the
PF-Bs, the kinesin-decorated MTD structure obtained from cryo-ET was
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docked to the structure obtained from single particle based on CCC. This
docking shows obvious matching of MIPs (Figure 2B; Figure S2). The a- and
B-tubulin assignment based on the CCC analysis of all the PFs that bind kinesin
was consistent with the assignment based on kinesin binding, proving that
tubulin isoforms were correctly identified for all the PFs that bind kinesin
heads.

Locating the Binding Sites of MTD Proteins

To locate the binding sites of various MIPs, the structure obtained from single
particle analysis fitted with the correctly assigned pseudo-atomic model was
used. To locate the binding sites of dyneins and RSs, the above docked struc-
ture and pseudo-atomic model was further fitted to the structure of the 96-nm
repeating unit of MTD obtained from cryo-ET with subtomogram averaging of
Tetrahymena axoneme (Pigino et al., 2012), using the “Fit In Map” function of
UCSF Chimera.

Analysis of the Chlamydomonas ida1 Mutant

To visualize ODAs from the adjacent MTD, we classified subtomograms from
tomograms of the Chlamydomonas ida1 mutant, which we averaged in the
previous work (Bui et al., 2012). In subaverages (averages of subtomograms,
belonging to the same MTD), MTBDs from the adjacent MTD are visually
detectable. We sorted these based on the positions of MTBDs from the adja-
cent MTD with respect to the ODAs on the MTD at the center of the box, and
obtained three classes. The subaverages belonging to the same class were
then further averaged.
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