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Eukaryotic flagella and cilia are built on a 9 þ 2 array of microtubules plus 9250 accessory
proteins, forming a biological machine called the axoneme. Here we describe the three-
dimensional structure of rapidly frozen axonemes from Chlamydomonas and sea urchin sperm,
using cryoelectron tomography and image processing to focus on the motor enzyme dynein. Our
images suggest a model for the way dynein generates force to slide microtubules. They also reveal
two dynein linkers that may provide ‘‘hard-wiring’’ to coordinate motor enzyme action, both
circumferentially and along the axoneme. Periodic densities were also observed inside doublet
microtubules; these may contribute to doublet stability.

E
ukaryotic cilia and flagella are built on

the axoneme, a cylindrical array of

nine doublet microtubules (MTs) that

surround two singlet MTs called the central

pair (1, 2) (Fig. 1, A and B). Understanding ax-

oneme structure, function, and regulation is

important because defects in this organelle are

associated with diverse medical problems (3).

The motors that transduce chemical energy into

the mechanical force for MT sliding are dyneins,

large motor enzymes that are organized in two

rows along each doublet MT (Figs. 1 and 5, C

and D). Other structures in the axoneme resist

sliding, causing the axoneme to bend (4). Because

cytoplasmic isoforms of dynein contribute to

several forms of MT-based motility (5), and be-

cause dynein_s mechanics are distinct from those

of the other molecular motors, learning how this

enzyme works would be useful.

All dyneins include one or more heavy

chains (DHCs, 9500 kD each), one or more

intermediate chains (DICs, 45 to 140 kD), and

1 to 10 light chains (DLCs, È8 to 28 kD) (5).

The dynein motor domain (È350 kD at the C

terminus of the DHC) is related to the AAA

family of adenosine triphosphatases. It connects

two potential levers: a cargo-binding tail, which

is also the binding site of several DICs and

DLCs, and an MT-binding stalk (6). Because

flagella generate periodic waves of bending

whose speed and form can vary, dynein_s
activity probably switches from one side of the

axoneme to the other and propagates in a

controlled manner (7). Flagellar waveforms

seem to result from regulatory and mechanical

interactions between projections from the cen-

tral MTs and the radial spokes (Fig. 1, F and G;

Fig. 5, C and D). These structures contain

components that modulate kinases and phos-

phatases on doublet MTs (2). They appear to

act through a doublet-associated structure called

the dynein regulatory complex (DRC) (1).

Given that isolated axonemes are motile (7), it

seems likely that all essential regulatory ma-

chinery is built into this structure.

Axonemes from many organisms have been

studied by conventional electron microscopy

(EM), using thin sections, negative staining, or

metal replicas of quickly frozen, deep-etched

samples (1, 6, 8). These studies demonstrated

the 24-nm axial periodicity of the outer dynein
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Fig. 1. Cryo-ETof sea urchin sperm [(A) to (E)] and Chlamydomonas flagella [(F)
to (H)]. Longitudinal (A) and transverse (B) tomographic slices through flagella
are shown; dashed line in (B) indicates the location of (A). (A) Dynein motor
domains, white arrows. (B) Top flagellum is viewed from the proximal end;
bottom flagellum is opposite, with doublets labeled 1 and 5; PM, plasma
membrane. (C), (D), inset in (D), (F), and (G) are cross sections, viewed from the
distal end. (C) Slice through an average of 280 repeats; the dashed line defines
the orientation of (E). At, A tubule; Bt, B tubule; IL, DIC/DLC-tail complex; 1 and
2, motor domains of the ODA. (D) Surface rendering of (C) and (D) (inset) with
interpretive coloring. The hook-shaped tail (T, red) of the more central DHC
connects the dynein head (1, blue area) with At; densities near the At
connection resemble the DC (white area). The tail of the peripheral DHC (2,
blue area) is obscured by the IL (green area), but relative positions suggest that
it is part of the connection to At via the tail of the more central DHC. Note the
stalk projecting from 2 toward Bt (inset, arrowhead). (E) Slice through three
ODA motor domains showing stalks (black arrowheads) on motor rings and
parts of OOD linkers (white arrowheads). (F) Slice through average of 160
repeats; RS, radial spokes. Dashed blue line, orientation of (H); dashed green
line, orientation of Fig. 3, A and B. (G) Volume rendering of (F). Note the
nexin link (N) and OID linker (white arrowhead). (H) Slice through three b-
dynein motor domains from the ODA row. Note the asymmetric, ring-shaped
dynein motors (the middle head is visibly heptameric) and parts of the OOD
linker (white arrowheads). Scale bars, 50 nm in (B), 20 nm in (C) and (F), and
10 nm in (D) (inset), (E), and (H).
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arms (ODAs) as well as the complex arrange-

ments of the inner dynein arms (IDAs) and radial

spokes within the axoneme_s 96-nm longitudinal

repeat (2, 6) (Fig. 1, A and B; Fig. 5, C and D).

We used electron tomography (ET) to study

axonemes in rapidly frozen but otherwise un-

altered material. Sea urchin sperm were frozen

while in a quiescent state (Fig. 1, A to E); axo-

nemes from the biflagellate algaChlamydomonas

reinhardtii were isolated and demembranated in

the absence of adenosine triphosphate (ATP)

(Fig. 1, F to H) (9). Rapid freezing immobilizes

samples within milliseconds, raising confidence

that the observed structures are accurate repre-

sentations of physiological states. ET generates

three-dimensional (3D) reconstructions with an

almost isotropic resolution (10) but through

images whose signal-to-noise ratio is low

because of the low electron dose that must be

used with frozen-hydrated material (11). To get

the resolution and contrast necessary to see

individual macromolecules, we used an energy

filter to remove inelastically scattered electrons

(11), correlation-based alignment of equivalent

volumes, and 3D volume averaging of repeti-

tive structures, which improves image signal-to-

noise ratio Efig. S1, supporting online material

(SOM) text, and movie S1^ (12). With these

methods, image resolution was È4 nm (fig. S1,

G and H), which is sufficient to recognize im-

portant molecular details.

Mechanistic implications of the positions
and shapes of dynein arms. Our images re-

vealed details of dynein’s structure in axonemes

from both sea urchin (Fig. 1, C to E; Fig. 2, A

to D) and Chlamydomonas (Fig. 1, F to H; Fig.

2, E and F). A slice through a tomogram that

contained the b-dynein heads from three

adjacent Chlamydomonas ODAs displayed the

asymmetry of the dynein motor domain (Fig.

1H): One half of the heptameric ring contained

three domains and the other half contained four,

which is consistent with images of isolated

Chlamydomonas IDAs (13), Dictyostelium cy-

toplasmic dynein (14), and sea urchin ODAs

(12) (Fig. 1E). The two (sea urchin) or three

(Chlamydomonas) motor domains in a single

ODA formed two or three parallel rings that

resembled stacked coins (Fig. 1, C, D, F, and

G; Fig. 2, D to F; Fig. 3, A to E; Fig. 5). The

plane of each ring ran through the axis of the

adjacent B tubule (dashed blue lines in Fig. 1,

C and F). Thus, all motor domains were po-

sitioned so they could act equivalently on the

neighboring MT (Fig. 5C and fig. S4I). The

coiled-coil MT-binding stalk probably projects

within this plane from the motor domain to the

B tubule, although it was often not obvious in

our images [but note Fig. 1, D (inset) and E

(black arrowheads)]. The ODAs from Chlamy-

domonas [(Fig. 1, F to H) and (15)] and sea

urchin (Fig. 1, C to E) were similar, suggesting

the generality of these relationships and their

probable importance for dynein function.

Averages of sea urchin ODAs revealed the

tail region of DHCs in situ (Fig. 1, C and D);

the tail of the more central DHC was obvious,

whereas that of the more peripheral DHC was

partially obscured by additional density [Fig. 1,

C and D (inset)]. The accessory subunits (the

DIC/DLC complex) probably lie near the site

where the two tails meet (Fig. 5A). Only the

inner a-DHC connected directly to the A

tubule; the b-DHC was carried in a piggyback

fashion (Fig. 1D) (12). The tails of the Chlamy-

domonas outer-arm DHCs were less obvious

but still visible (IL in Fig. 1, F and G).

ODAs bind the A tubule through the outer-

arm docking complex (DC) (16). The DC forms

a small pointed structure on the A tubule at the

base of the ODA (16) (Figs. 1D and 2A). Two

of the DC subunits are elongated polypeptides,

which are thought to join end-to-end at every

24-nm interval and form an extended filament

along the A tubule. Tomographic slices through

the base of the ODAs (red line in Fig. 2A)

revealed a narrow density on the surface of the

A tubule (Fig. 2B) that corresponds to the pre-

dicted location of the DC.

Orientations of ODA domains in situ
modify existing models for dynein’s force
production. Sea urchin ODA tails appeared

hook-shaped (Fig. 1, C and D), like the EM

images of the single-headed IDA isoform ‘‘c’’

from Chlamydomonas (13). Images of dynein c

have suggested a rotary motion in dynein’s head

that shifts the coplanar stalk and/or tail relative

to the AAA subdomains (13, 14), indicating that

the head acts as a winch (17). However, the

ODA motor and tail in situ displayed a different

3D orientation, suggesting an alternative inter-

pretation. In axonemes, the ODA tail bent in a

plane perpendicular to that of the dynein rings

(Fig. 1, C to H). This difference from the pla-

narity seen in vitro (13) could result either from

isoform differences or from rearrangements

during isolation and/or negative staining. Tail

and motor domains were both clearly resolved

in our averages; moreover, each ODA formed

multiple connections, both along and perpen-

dicular to the axoneme axis (Fig. 5, A and B,

and movie S2). These structures may provide

rigidity, allowing the tail to serve as a fulcrum

for dynein’s power stroke. In contrast, the ATP-

sensitive MT-binding stalks that connect to B

tubules were often smeared under our con-

ditions (Fig. 1). Apparently the tails were es-

sentially static relative to the motor ring and A

tubule, whereas the stalk’s position was varia-

ble. Thus, any rotation of the dynein motor

that promotes doublet sliding should cause the

MT-binding stalk to shift relative to the more

rigid tail.

Links between dynein complexes may co-
ordinate dynein activity in axonemes. Tomo-

graphic slices that contained a row of ODAs

(red and yellow lines in Fig. 2A) showed neigh-

boring arms linked by filamentous structures

(Fig. 2, B to F). The orientation and position of

these linkers relative to the ODA motor do-

mains showed that they were distinct from the

DIC/DLC-tail complex (Fig. 2B; white arrow-

heads in Fig. 1, E and H). These structures were

modeled in 3D as the outer-outer–dynein

(OOD) linkers (Fig. 2, D and F; Fig. 5, B and

D). In sea urchin sperm, these linkers ran from

the ODA motor domain nearest the A tubule,

Fig. 2. ODA complexes of sea
urchin sperm flagella (A to D) and
Chlamydomonas axonemes (E and
F). A cross-sectional view from the
distal end (A) and longitudinal
views [(B) to (F)] with the proximal
end at left are shown. (A) Slice
through an average of 280 dou-
blets. The slice orientation is similar
to that in Fig. 1C, but the position
is between two ODAs, showing a
cross section of an OOD linker.
Dashed red line, orientation of slice
in (B); dashed yellow line, orienta-
tion of slice in (C). Slices [(B), (C),
and (E)] and surface renderings [(D)
and (F)] show three ODAs, con-
nected by OOD linkers (arrows or
yellow areas); two-headed sea ur-
chin ODAs [(blue area labeled 1
and 2 in (D)]; or three-headed
Chlamydomonas ODAs [blue area
labeled a, b, and g in (F)]. White
lines in (B), (C), and (E) indicate the
24-nm repeat of ODAs; (D) and (F)
correspond to (C) and (E). Both
kinds of axonemes have OOD link-
ers, but sea urchin linkers are almost parallel to the MTs [(B) to (D)], whereas Chlamydomonas links are
diagonal [(E) and (F)]. Scale bars, 20 nm in (A) and 10 nm in (B), (C), and (E).
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up and over to the peripheral motor domain of

the neighboring ODA (Fig. 2, C and D; Fig.

5B). In Chlamydomonas, the OOD linkers were

even larger and more complex (Fig. 2, E and F;

Fig. 5D; and fig. S4, D and E). The point of

attachment between the OOD linker and the

ODAs lay close to the base of the motor do-

main where the dynein tail begins.

Given the size of these OOD linkers, we re-

examined published images, seeking similar

densities. Although there are ambiguities in such

comparisons (6, 8, 18) (fig. S4, D and E), sim-

ilar structures could be seen in previous work.

Burgess’s intermediate subunit (18) resembles

our sea urchin OOD linker [compare Fig. 2C

with figure 6D in (18)]. The diagonal com-

ponent in Chlamydomonas may be our OOD

linker [Fig. 2E versus figure 9 in (19)]. The

presence of linkers in such distantly related

species suggests that they are ubiquitous ax-

onemal features. These linkers are ideally po-

sitioned to modulate dynein activity along

outer doublets during flagellar waveform

propagation.

We also found connections between OOD

linkers in the outer arms and structures in the

IDA region (Fig. 3, A to E; white arrowhead,

Fig. 1G). In each 96-nm repeat, two of the four

OOD linkers connected to the IDA region,

forming part of a triskelion; one connection was

proximal to the first radial spoke, whereas the

other was distal to the second spoke (black

arrows, Fig. 3, A to C, and movie S3). These

connections are outer-inner–dynein (OID) link-

ers (Fig. 5D). The proximal OID linker con-

nected with the base of an IDA called I1 (Fig.

3, A and C), whereas the second OID linker

connected with the DRC, a crescent-shaped

structure above the second radial spoke (20, 21)

(Figs. 1G and 3, A to E). The OID linkers sug-

gest a mechanism for coordinating inner and

outer dynein arm activities: Signals from the

central pair and radial spokes are transmitted

first to the I1 dynein and DRC to generate

flagellar waveforms. From there, the signals

may go through OID linkers to the ODAs to

modulate flagellar beat frequency. This model

is consistent with observations from flagellar

mutants and indicates that ODAs are down-

stream on the signaling pathway (22).

IDA organization in Chlamydomonas axo-
nemes. IDAs are structurally and functionally

more complex than ODAs, and they are both

necessary and sufficient for generating the di-

versity of flagellar waveforms (22). In Chlam-

ydomonas, at least eight different inner-arm

DHCs are organized with various DICs and

DLCs into seven distinct complexes: one two-

headed dynein (I1) and six single-headed iso-

forms (22). We observed the IDAs in 3D

within the 96-nm axoneme repeat (Fig. 3, A to

E) (6, 20, 21). The reproducibility and sensi-

tivity of our methods were revealed by com-

parisons between wild-type axonemes and a

previously characterized IDA mutant (pf9-3)

(23) that fails to assemble the I1 dynein (fig.

S2). Tomographic slices through this region in

wild-type axonemes revealed at least three

densities: the two I1 motor domains and the

DIC/DLC complex (Fig. 3, A and C; Fig. 5D;

fig. S2, B to F; movies S3 and S5) missing in the

pf9-3 mutant (Fig. 3, B and D; fig. S2, G to K;

movies S4 and S5). The DIC/DLC complex of

I1 (6, 20, 21) made contact with neighboring

structures in both ODA and IDA regions (Fig.

3, A and C; Fig. 5D). One of these contacts

corresponded to the proximal OID linker,

which is consistent with known interactions be-

tween ODA components and the I1 subunits

DIC138 and DLC7b (24).

ET of the IDAs identified five additional

globular domains per 96-nm repeat; these do-

mains lay in the same row as one of the I1 motor

domains and were of comparable size (Fig. 1G;

Fig. 3, A to E; Fig. 5, C and D; fig. S4, E, H,

and I; movie S6). We interpret such densities as

the motor domains of five single-headed IDAs

(Fig. 3, A to D; Fig. 5D]. The IDAs appeared

attached to the A tubule by long tails (fig. S4, F

to H); several of these inserted close to the base

of both radial spokes and/or below the DRC,

which is consistent with the failure of certain

IDAs to assemble in DRC mutants (21, 25).

Each of the IDA and ODA motor domains

was situated with its surface È12 nm from the

adjacent B tubule (Fig. 5C and fig. S4I). This

distance is consistent with the length of the MT-

binding stalk that projects from isolated dynein

motor domains (17), suggesting that all of these

dyneins could interact with the B tubule and

contribute to force production. MT-binding stalks

were visible in only a few averages [Fig. 1, D and

E; movie S2), suggesting that their positions were

variable, as one would expect for structures that

adopt various conformations.

The nexin link associates with the dynein
regulatory complex. Nexin was identified in

early EM of axonemes (4) as a flexible protein

that connects neighboring doublet MTs (Fig.

1G; Fig. 3, F to J; fig. S3) (6, 26, 27). Nexin is

thought to contribute elastic resistance that con-

verts doublet sliding into axoneme bending

(4, 26). In our images, one end of the Chlam-

Fig. 3. Organization
of IDAs (A to E) and
nexin link (F to J) in
Chlamydomonas axo-
nemes. Wild-type [(A)
and (C)] and pf9 mu-
tant [(B), (D), and (E)]
axonemes show clear
differences. Longitudi-
nal slices [(A), (B), and
(E)] and volume ren-
derings [(C) and (D)]
are viewed from the B
tubule of the adjacent
doublet, with the prox-
imal end on the left;
the orientation of (A)
and (B) is indicated by
the dashed green line
in Fig. 1F; (C) and (D)
correspond to (A) and
(B). The I1 complex
(dashed red circles or
red areas) is missing in
the mutant (I1–). Note
the OID linkers (arrows)
between the ODA and
IDA rows. Arrowheads,
OOD linkers; a and b,
1-alpha and 1-beta mo-
tor domains of the I1
complex; 2 to 6, single-
headed IDAs. (E) Similar
to (B) but oriented to
include all three ODA motor domains and radial spoke heads (RS); OOD linkers (arrowheads) connect to
a- and perhaps b-DHCs on their proximal sides, whereas in (B) the OOD linkers connect to b- and g-
DHCs on their distal sides. Slices [(F) and (H)] through an average of 160 nexin links (N) and graphic
models [(G), (I), and (J)] of the same structure; the orientations of (G) and (I) correspond to (F) and (H).
Nexin spans the distance between A and B tubules of adjacent doublets; it is connected to the DRC. It
terminates on the A tubule close to RS2, but branches near the B tubule [arrowheads in (F) at tips of the
branches]. Nexin zigzags between the A tubule and the bifurcation point. (F) is a longitudinal slice at
the position of the yellow arrowhead in (I). Scale bars, 20 nm [(B), (E), (F), and (H)].
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ydomonas nexin formed a bifurcated attach-

ment to the B tubule (Fig. 3, F, G, and J; fig.

S3, A and B); the other was attached to the A

tubule close to the base of the second radial

spoke, adjacent to the DRC (Fig. 3, F, G, I, and

J; fig. S3, D to G).

The crescent-shaped density of the DRC

made contact with both ODAs and IDAs, as

well as with radial spoke 2 (Figs. 3 and 5, C

and D). A considerable fraction of the mass

connected with the DRC extended some nano-

meters from the surface of the A tubule (Figs.

3I and 5C; movies S3 to S6). Indeed, nexin

appeared to form a major part of the DRC

(20, 26). These images support a model in

which the DRC and nexin interact with and

mediate regulatory signals between the radial

spokes and both inner and outer dynein arms

(20, 21, 26).

The axonemes we studied were more or less

straight, but even so nexin was longer (È40 nm)

than the shortest distance between adjacent

doublets (È30 nm) (Fig. 3F and fig. S3, A to

E). Moreover, the part of the link that connected

the A-MT anchor and B-MT bifurcation point

appeared as a zigzag structure (Fig. 3, F, G, and

I; fig. S3, A to E). This configuration may

provide a reservoir of folded protein that could

contribute to both the overall length extension

and to the elastic restoring force that nexin is

thought to provide for doublet MT sliding.

Structures on the inner surfaces of dou-
blet microtubules might increase their sta-
bility. Doublet MTs are notable for both their

unusual architecture and their stability as com-

pared with cytoplasmicMTs. The A tubule was a

complete cylinder of 13 protofilaments (A1 to

A13), but the B tubule contained only 11 fila-

ments (B1 to B11), one of which (B11) looked

thinner than the others (Fig. 1, C and F; Fig. 4, D,

E, H, and I) (28). The A tubule appeared slightly

oval in cross sections (Fig. 1, C and F; Figs. 2A

and 4D). Many proteins associate with the outer

surfaces of doublet MTs, but we did not expect

to find periodic densities on the inner surfaces

of A and B tubules in both sea urchin (Fig. 4, G

to I) and Chlamydomonas axonemes (Fig. 4, A

to F; fig. S2, D to F and I to K). Averages of

96-nm repeats revealed three MT inner pro-

teins (MIPs) that differed in location, size, and

periodicity. MIP1 was the smallest. It lay next to

protofilament A5 and showed 8-nm periodicity

along theMT axis [Fig. 4, A, D, G, andH; purple

dot in Fig. 4, E and F, and Fig. 5C]. MIP2 was

larger, was positioned between protofilaments

Fig. 5. Summarizing models of the ODA row in the sea urchin sperm flagellum (A and B) and the 96-nm
repeat in Chlamydomonas axonemes (C and D). (A) and (C) are viewed from the distal end; in (B) and (D),
the proximal end is at left. (A) and (B) show the ODA row, the OOD linker (yellow), IL (green), DC (pink),
and additional densities surrounding the dynein motor domains (blue). These seem to form supporting
structures around the ODA complexes. [(C) and (D)] MT-associated structures in Chlamydomonas
axonemes. a and b, 1-alpha and 1-beta DHC of the I1 complex; 2 to 6, single-headed IDAs; alpha (a),
beta (b), and gamma (g)–ODA, DHCs of the ODAs; OID linker (orange area); OOD linker (yellow area).

Fig. 4. MIPs in sea urchin sperm
[(G) and (I)] and Chlamydomonas
axonemes [(A) to (F), (J), and (K)].
In longitudinal views [(A) to (C),
(F), (G), and (K)], the proximal end
is at left; in cross sections [(D), (E),
and (H) to (J)], the view is from the
distal end. (A to D) Slices of MT
doublets showing periodic den-
sities attached to the inner MT
wall (arrows). Dashed lines in (D)
indicate the positions of the slices
depicted in [(A), MIP1], [(B),
MIP2], and [(C), MIP3]. The MIPs
show 8-nm [white arrows in (A)] or
16-nm [black arrows in (B) and
(C)] periodicities, respectively. (E
and F) Graphic model of a 96-nm
repeat showing MIPs (purple,
MIP1; pink, MIP2; red, MIP3) rel-
ative to the protofilaments (numbered) of At and Bt. (G to I) MIP1 [black
arrowheads in (G) and (H)], MIP2 [white arrowhead in (I)], and MIP3 [black
arrow in (I)] in outer doublets of sea urchin sperm flagella. (J and K) MT
doublet with protofilaments 1 to 13 of At, but only protofilaments 9 to 11 of
the Bt tubule. MIP3 is still present, suggesting that it may enhance the
stability of protofilaments 9 to 11 of this tubule. The dotted yellow line in (J)

indicates the orientation of the slice in (K). The image quality of the partial
doublet is lower than that of other averages because there were no other
doublets with similar protofilament losses at other orientations relative to the
missing wedge to help compensate for the missing information; the
anisotropy of the resolution is obvious, especially along the z axis [horizontal
in (J)]. Scale bars, 20 nm in (C) and (I) and 10 nm in (D), (G), and (K).
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A9 and A10, and showed 16-nm periodicity

[Fig. 4, B, D, and I; pink dot in Fig. 4 (E and F)

and Fig. 5C]. MIP3 was the largest and lay

between protofilaments B9 and B10 with 16

nm-periodicity [Fig. 4, C, D, and I; red dot in

Fig. 4, E and F, and Fig. 5C]. The MIPs were

present in all outer doublets and in both sea

urchin (Fig. 4, G to I) and Chlamydomonas

(Fig. 4, A to F), suggesting that they are uni-

versal features of axonemes. Although material

has previously been seen in the lumen of

doublets from insect and human sperm (29),

MIPs have not been recognized as a consistent,

periodic feature of outer doublets. Images of

homogenized, high salt–extracted sea urchin

sperm flagella also revealed features inside

doublet MTs (30), but this study was limited

by nonphysiological conditions and by the an-

isotropic resolution that is characteristic of

single-axis tomography (fig. S1).

Doublet MTs treated with increasing concen-

trations of ionic detergents dissolve in a defined

sequence: first the outer portion of the B tubule,

then the rest of the B tubule, followed by the outer

portion of the A tubule and then the remainder of

the A tubule, leaving a ribbon of three protofila-

ments (31). Our axonemes were incubated in

physiological buffers, but occasionally they

contained a few partially dissolved doublets that

were consistent with this pattern of disintegration.

In one example, the A tubule was intact, but only

protofilaments B9 to B11 remained; these still

bound MIP3 (Fig. 4, J and K), suggesting that

MIPs give structural stability to MTs protofila-

ments. Several small ligands, such as Taxol,

interact with the luminal side of the MT wall

and affect polymer stability (32). Perhaps MIPs

alter doublet stability in a similar way. Doublet

stability may also be affected by the especially

robust ribbon of three protofilaments that

include tubulin, tektin, and several tightly

associated proteins (28). Tektin may also

associate with the DRC and IDAs (33). Notably,

MIP1 was in the A tubule close to the DRC, and

MIP3 was in the B tubule near the attachment of

nexin (Fig. 5C). Perhaps the MIPs provide struc-

tural reinforcement at sites of mechanical stress

and information transfer. The further character-

ization of these proteins may provide valuable

physiological and therapeutic insights.

Future comparisons between wild-type and

mutant axonemes should help to define the func-

tion of additional components in the axoneme.

Work on mutant axonemes from human patients

may also help to clarify the underlying causes of

diseases related to flagellar and ciliary dysfunction.

Given the complexity of axoneme structure and

the biological importance of its many functions,

cryo-ET is likely to play a major role in clarifying

both the normal and abnormal mechanisms of this

conserved biological machine.
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Electronically Induced Atom Motion in
Engineered CoCun Nanostructures
Joseph A. Stroscio,1* Francesca Tavazza,2 Jason N. Crain,1 Robert J. Celotta,1 Anne M. Chaka2

We have measured the quantum yield for exciting the motion of a single Co atom in CoCun linear
molecules constructed on a Cu(111) surface. The Co atom switched between two lattice positions
during electron excitation from the tip of a scanning tunneling microscope. The tip location with
highest probability for inducing motion was consistent with the position of an active state
identified through electronic structure calculations. Atom motion within the molecule decreased
with increased molecular length and reflected the corresponding variation in electronic structure.

A
tom manipulation with the scanning

tunneling microscope (STM) is accom-

plished by using a tunable chemical

bond between the adatom and the scanning tip

and/or local electronic excitations via the tun-

neling electrons (1–3). The dynamics of atomic

motion during such processes can be followed

by analyzing the noise in the tunneling signal

(4, 5). Such atomic motion is ultimately con-

trolled by both the energy landscape and the

type of excitation and relaxation pathways the

atoms encounter, as revealed by recent tun-

neling noise spectroscopy studies for single

atoms and small molecules (6–11). Through

clever design of molecular configurations, en-

ergy barriers can be engineered to facilitate

long-range motion in larger molecular nano-

structures (12).

In this report, we demonstrate that motion of

a single atom within a larger nanostructure can

be induced by using electron excitation mecha-

nisms in the STM. The use of tunneling noise

spectroscopy measurements, together with den-
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