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Dynamics of Dpp Signaling and
Proliferation Control

0. Wartlick,™* P. Mumcu,?* A. Kicheva,**t T. Bittig,>* C. Seum,” F. Jiilicher,’+ M. Gonzdlez-Gaitdn't

Morphogens, such as Decapentaplegic (Dpp) in the fly imaginal discs, form graded concentration
profiles that control patterning and growth of developing organs. In the imaginal discs,
proliferative growth is homogeneous in space, posing the conundrum of how morphogen
concentration gradients could control position-independent growth. To understand the
mechanism of proliferation control by the Dpp gradient, we quantified Dpp concentration and
signaling levels during wing disc growth. Both Dpp concentration and signaling gradients scale
with tissue size during development. On average, cells divide when Dpp signaling levels have
increased by 50%. Our observations are consistent with a growth control mechanism based on
temporal changes of cellular morphogen signaling levels. For a scaling gradient, this mechanism

generates position-independent growth rates.

rowth regulation of the Drosophila wing
Gimaginal disc critically depends on the

Dpp morphogen gradient (/—7). Dpp mu-
tant imaginal discs fail to grow, and ectopic
expression of Dpp in clones of wing cells or-
ganizes growth and elicits the formation of an
ectopic winglet (7). Growth of imaginal discs is
spatially homogeneous. How a graded Dpp sig-
nal can control homogeneous tissue growth is an
open question for which a number of models
have been proposed: For example, it has been
suggested that the steepness of the gradient (3, §)
and/or mechanical feedback (9, 10) control pro-
liferation. However, little quantitative data sup-
ports these models. To address this, we quantified
spatial and temporal changes of Dpp concentra-
tion, signaling activity, and disc growth param-
eters during development.

The Dpp gradient scales with wing size. We
used a functional green fluorescent protein—Dpp
(GFP-Dpp) fusion (11, 12) expressed in the en-
dogenous Dpp source to quantify GFP-Dpp pro-
files as a function of distance x from the source at
different times ¢ during larval development (Fig.
1, A to C), both with and without expression of
the endogenous Dpp gene (73) (fig. S1). During
the growth period, the Dpp gradient expands:
Both the gradient amplitude C (i.e., the concen-
tration at the source boundary) and the decay
length A (the distance A over which the gradient
decays) increase significantly (Fig. 1, D and E).
The decay length, A, is proportional to the target
tissue width L [the scaling ratio A/L = 0.112 is
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constant; Fig. 2, A and B; n = two independent
data sets with A/L =0.107 (n; = 98 discs) and
ML = 0.116 (n, = 60 discs); table S3]. Further
analysis of Dpp gradient profiles, C(r,f), where
r = x/L is the relative distance to the source,
revealed that the relative concentration gradient,
C(r,£)/Cy(2), is invariant during development (Fig.
2A); the gradient scales with the growing tissue.
Gradient scaling behaviors have been reported
in this and other systems (/4—/7), and possible
mechanisms have been discussed (78, 79) [sup-
porting online material (SOM) text S1.2]. Note
that the gradient of another morphogen, Hedgehog
(Hh), does not scale (fig. S2).

Decreasing degradation accounts for gradi-
ent expansion. Gradient expansion is not due to
stretching of the gradient by wing growth, be-
cause the Dpp degradation rate is much larger
than the disc growth rate; the gradient renews
itself faster than the tissue grows (SOM text S1.1).
Hence, gradient expansion is due to changes in
Dpp production (v), diffusion (D), or degradation
(k) (12, 20) (SOM text S1.1). Estimation of these
parameters by fluorescence recovery after photo-
bleaching (FRAP) (/2) and a reporter assay [SOM
quantitative procedures (QP) 3] showed that Dpp
production and diffusion vary only slightly dur-
ing the growth phase (Fig. 2, C and D), whereas
the degradation rate decreases substantially as
k ~ 1/4 with increasing posterior compartment
area A (Fig. 2E). This decrease of the degrada-
tion rate could account for the constant scaling
ratio ML, because A = VD/k and A ~ L* (12,21
(SOM text S1.2). Furthermore, the gradient am-
plitude, C,, also increases, because of the de-
creasing degradation rate and the widening of the
Dpp source (w) (Fig. 2F) (SOM text S1.1). Thus,
changes of the Dpp source width and trafficking
(degradation rate) result in Dpp gradient expan-
sion during growth.

Cells experience an increase in Dpp concen-
tration. Gradient expansion implies that cellular
Dpp concentration changes over time. Two fac-

VOL 331

tors determine the cellular Dpp concentration:
changes of the gradient profile (Fig. 1) and
changes in cell position, xe(?), in the growing
tissue. Proliferation is approximately homoge-
neous in space (22, 23) (figs. S3A and S4A), so
the relative position of a cell, 7o = Xcen(?)/L(%),
remains constant as the tissue grows (fig. S3A;
SOM QP5). Because 7. is constant and the
relative concentration gradient C(r,£)/Co(f) is in-
variant (Fig. 2A), the relative cellular concentra-
tion, C(7ee,?)/Co(?), is constant during development.
Therefore, the average cellular Dpp concentra-
tion, Ceep(?) = C(reennst), increases proportionally
to the gradient amplitude, Co(?) (fig. S4C).

The Dpp concentration increases, on aver-
age, by 40% during each cell cycle. Does the
increase in cellular Dpp concentration correlate
with changes in the proliferation rate? We de-
termined the proliferation rate (fig. S5; SOM QP4)
from the area growth rate, g = A /A, where Ais
the time derivative of the area 4. This is a good
approximation for the cellular proliferation rate
because the cell density only shows a minor in-
crease during wing growth (fig. S5, B and D).
During the growth phase, the growth rate (g)
decreases (fig. SSD), which reflects an increasing
cell doubling time 6 (6 = In2/g; SOM QP1),
mostly because of a lengthening of the G, phase
(24) (fig. S6).

We found that area growth correlates with the
increase of the gradient amplitude by a power
law (Fig. 2G)

Cot) ~ AP Q)

where B =0.59 (n = two data sets; table S3). The
average cellular Dpp concentration, Cy, is pro-
portional to the amplitude Cj (see above) and there-
fore, Cee(f) ~ A(1)°. Derivation of this expression
with respect to time reveals a correlation of the
average growth rate (g = A4 /A) with average tem-
poral changes in the Dpp level (Cce]l.) perceived
by cells: Ceent/Ceet = Co/Co = B(4/4) = Pg.
Because the area growth rate and the cellular
proliferation rate g.. are approximately equal
(see above), it follows that

~ 1 C.‘cell

| R~
S B Ccel]

)

i.e., the proliferation rate is proportional to rel-
ative temporal changes of Dpp.

To estimate the relative increase of the cellular
Dpp concentration o = ACe/Ceen during the
cell cycle time 0, we combine Eq. 2 with the ap-
proximations Ceeni/Ceent ® (ACcen1/0)/Ceen and
0 = In 2/g..y;, and obtain the following:

ACcell
o=—

cell

~ B In2 3)

Thus, we find a constant o = 0.41 (n = two data
sets; table S3); throughout development, cell di-
vision correlates with an increase of Dpp con-
centration by 40%.
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Dpp signaling activity parallels Dpp concen-
tration. Proliferation depends on Dpp signaling
activity, rather than ligand concentration (3, 25-27).
We therefore measured Dpp pathway activity at
different levels [reviewed in (28)]: phosphorylated
Mad (P-Mad) (29), P-Mad/Medea complex forma-
tion, and brk and dad transcription [Fig. 3A and
fig. S7; SOM experimental procedures (EP) 1]
(30, 31). Of these, we systematically analyzed nu-
clear red fluorescent protein expressed under control
of the dad enhancer (dad-nRFP) as a transcriptional
readout reflecting cellular signaling activity, Scey.

With time-lapse analysis, we confirmed that
Dpp signaling increases in living wing discs (Fig.
3B and movie S1). Consistent with Eq. 2, relative
changes in signaling, S/S, are larger at early
times of development, when growth is faster.
Quantification of dad-nRFP profiles, S(r,f) (Fig.
3C), in fixed discs showed that (i) the signaling
gradient scales (Fig. 3D), i.e., the scaling ratio
A/L is constant (Fig. 3E); and (ii) the amplitude

Fig. 1. Dpp gradient parameters.
(A) dpp-Gal4/UAS-GFP-Dpp wing
(Wi), leg (Le), and haltere (Ha) discs
at different developmental times;
w, source width, L, target width. (B)
Images of GFP-Dpp gradients, cor-
responding to boxed areas in (A).
(€) Quantification of GFP-Dpp con-
centration as a function of the dis-
tance to the source (x). (D and E)
(D) Amplitude, C, and (E) decay
length, A, over time. At the end of
the growth phase, in prepupal discs
(t > 140 hours), C; again decreases.
Error bars correspond to standard
errors (SEM) of averages from binned
data, and one data set per graph is
shown. For fit functions, parame-
ters, number of data sets, and num-
ber of discs per data set, see tables
S1 to S3 and SOM QP1. For ex-
tended versions of figure legends,
see SOM.

Fig. 2. The Dpp gradi-

>

So increases with 4 as a power law (Eq. 1),
with Bs=0.69 £0.02 (SEM) (n = four data sets;
table S3), corresponding to o = 48% * 2% (Fig.
3F). Invariance (scaling) of the relative signaling
profile, S(r,£)/So(¢) (Fig. 3D), implies that the
cellular signaling level is proportional to the
amplitude (Sce ~ Sp). The power-law relation
between amplitude Sy and area 4 (Fig. 3F) in-
dicates that the proliferation rate correlates with
the average relative temporal increase of Dpp
signal, Scell/Scell = SO/SO (as in Eq 2)

2§ cell

Geell ¥ ——
Os Seell

4)

Here, o = 48% implies that the cellular Dpp
signaling level S ¢ increases by about 50% dur-
ing each cell cycle. On the basis of Eq. 4, we
propose a model of growth control where the cell
cycle length is determined by how fast an in-
crease of cellular Dpp signal by 50% is achieved.
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91h| |
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In different growth regimes, o ~ 50%. Dpp
source and transport parameters contribute to the
amplitude Sy (SOM text S1.1) and therefore to
cellular signaling levels S.o;. To test how the
rate of increase of the gradient amplitude affects
growth, we analyzed three conditions with changed
Dpp source and/or transport parameters (SOM
EP2): (i) haltere discs, where we found that Dpp
production, diffusion, and degradation are smaller
(32, 33) (Fig. 2, C to F; SOM QP3.2); (ii) wing
discs with a Dpp source of haltere histotype
(dpp>Ubx) (32, 33); and (iii) wing discs with a
constant one-cell-wide source [limiting Hh sig-
naling range to one cell with membrane-tethered
Hh (Hh-CD2)] (34).

In these tissues, the decay time of the growth
rate, the growth period, and final size differ from
that of the wild-type wing disc (table S2 and fig.
S8). However, growth and Dpp signaling still are
related by the same features: (i) Gradients scale
with tissue size. The scaling ratio A/L is constant,

48h (n=9, R2=0.80)

91h (n=13, R2=0.98)
106h (n=15, R2=0.99)
130h (n=24, R2=0.99)
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versus posterior compartment area, A; and (F) Dpp source width, w, versus posterior compartment width, L, of wing (black) and haltere (blue) discs during growth,
estimated by FRAP (red rectangles, wing) and a reporter assay (circles) (SOM QP3). (G) Gradient amplitude, Co, versus posterior compartment area, A.
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Fig. 3. Dpp signaling gradients. (A) A
Dpp pathway. (B) Average dad-nRFP

N

2
dad-nRFP (~72h)
dad-nRFP (~ 96h)

intensity over time for time-lapse se-
ries at 72 and 96 hours of devel-
opment (SOM QPé). Below, frames
from a time-lapse series. (C) dad-nRFP
images with quantification (60-hour
and 72-hour images are contrasted). (D)
Relative signaling profiles, S(r, t)/Sy(t),
spanning the whole growth period,
with density plot. Profiles collapse on-
to a single curve. (E and F) (E) Decay
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but different, in the different conditions (Fig. 4A
and fig. S9), the relation between decay length
and area is the same in all conditions except Hh-
CD2 (Fig. 4C; SOM text S1.2). This points to a
possible role of Hh for scaling. (ii) g and
Seell/Scenl are proportional during growth (Fig.
4B). And (iii), oy is similar under all these con-
ditions (Fig. 4D; mean of o, =49% * 2%). Thus,
cells divide when Dpp signaling levels have in-
creased by about 50%, regardless of histotype
(haltere versus wing), Dpp transport dynamics, or
Hh signaling in the source.

A scaling mutant shows inhomogeneous
growth while ag = 50%. In all conditions dis-
cussed, the gradient scales, and proliferation is
spatially uniform. In contrast, proliferation is not
homogeneous when Dpp is ubiquitously ex-
pressed with the C765-Gal4 driver (C765>Dpp):
Lateral positions have a larger growth rate (27).
We quantified Dpp signaling and growth param-
eters in C765>Dpp to determine whether
Seell/Seen is related to the local inhomogeneous
growth rates in a manner consistent with Eq. 4.

In C765>Dpp discs, the spatial signaling
profiles S(r.,7) increase over time, but do not scale
(Fig. 5, A and B). We quantified the inhomoge-
neities of the growth rate, g(r,f), using spatial
profiles of phosphorylated histone H3 (PH3)-
positive mitotic cells (Fig. 5C and fig. S3B; SOM
QP4 and QP5). From g(r,r) and S(r,f), we then
estimated gy, Seell /Scen, and oy for cells at dif-
ferent positions, 7..(?) (Fig. 5; SOM QP6). We
noted that cells divide as they do in wild type
when Dpp signaling levels have increased by
about 50%, independent of time and cell position
(Fig. 5D). Lack of scaling causes position
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Fig. 4. Dpp signaling and growth in different growth conditions. (A and B) (A) dad-nRFP decay length, A,
versus L and (B) amplitude, Sy, versus A for wing and haltere discs (n = four data sets; table S3); “haltere-
wing chimera” (dpp>Ubx; n = 2); and the “one-cell-wide source” experiments (Hh-CD2; n = 2). (C and D)

(0) Scaling ratio A/vA and (D) coefficient .

dependence of Sca /Scen (SOM text S1.3), and
thus, higher lateral growth rates are explained by
the fact that the relative increase o is reached
faster (i.e., Scen/Scen is larger) in lateral positions.

Exogenous manipulation of Scei/Sceu re-
sults in predictable growth rates. To further
test whether cells divide when Dpp signaling
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levels increase by 50%, we used an established
method to conditionally express the constitu-
tively active Dpp receptor, Tkv®®, in cell clones
(5) (Fig. 6). Here, Tkv?® transcription is induced
exogenously, only after adding the progesterone-
analog drug mifepristone (RU486) (5) (SOM EP2).
In our model, exogenous manipulation of S, cell / Seell
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ative position r,, area A,
and average signaling lev-
el S of clones were mea-
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times after Tkv®® induction
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signaling increase by as = 50%, clone area is expected to double, i.e., the cell generation number

increases by 1.
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in clones should result in clonal growth rates
quantitatively predicted by Eq. 4.

For an RU486 concentration of 20 pg/ml,
Gal4 activity (and, therefore, Tkv®® expression)
increases 3.6 times as fast as at 0.2 pg/ml; i.e., in
these two experiments, S, is different (Fig. 6B).
The relative increase in signaling levels in clones,
Scelt/Seent, therefore, depends on RU486 concen-
tration, as well as on the initial endogenous sig-
naling level: Although exogenously imposed
S cell 18 the same in medial and lateral regions of
the disc (Fig. 6D), clones in lateral positions
experience a bigger relative increase in signaling
upon Tkv?® induction because their initial sig-
naling level is lower, i.e., Scel/Secen is dependent
on clone position (fig. S10). If growth is causally
controlled by Sceii/Seen, then RU486 concentra-
tion, clone position, and duration of drug ex-
posure should determine the clone area, whereas
0, should be independent of these parameters.

The growth rate of clones indeed correlates
with the exogenously imposed Scen /Scen; i.e., the
relative increases in clone area and in signaling
level are correlated by a power law (Fig. 6, C
and E; SOM QP7). The data are remarkably
consistent with a ~ 50%, independently of RU486
concentration, duration of exposure (Fig. 6, B
and C), and clone position (Fig. 6, D and E).
Thus, local exogenous changes of Sceii/Seent 10-
cally result in proliferation rates predicted by Eq. 4.

Simulation of growth control. To further test
whether Eq. 4 describes a plausible growth mech-
anism, we developed a two-dimensional physical
description of proliferation control [Fig. 7 and
movies S2 to S5; SOM simulation (SI)]. We
implemented Dpp and Hh production, diffusion,
and degradation in a discrete vertex model that
describes cells as polygons and accounts for the
mechanical properties of the tissue (35). Dpp
source cells are selected in response to Hh; Dpp
production and diffusion are kept constant; and
the Dpp degradation rate is dynamically altered
in response to cell division events, such that the
average degradation rate in the tissue becomes
inversely proportional to the cell number (con-
sistent with Fig. 2, C to F). A cell divides when
the relative increase of the local Dpp level reaches
a threshold a.

Simulations of this model using parameter
values estimated experimentally for wing and
haltere discs result in growth dynamics that
quantitatively match the experimental observa-
tions for wing and haltere discs (Fig. 7, D to F,
and movie S3), although only the initial cell num-
ber, minimal cell cycle length, and Dpp diffusion
and degradation are different in the haltere. Fur-
thermore, simulations of our model can account
for the growth properties of Tkv?® clones: Con-
sistent with previous experimental results (3, 5),
simulated lateral Tkv?” clones have a bigger
growth rate and grow to a larger size than medial
Tkv®?P clones (about 4-fold and 2.5-fold as large
as simulated wild-type clones, respectively) (Fig.
7, G to I), and cells surrounding Tkv®?P clones
overproliferate (Fig. 7G; SOM text S2). These
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results indicate that growth control by means of
relative changes in Dpp levels could underlie
growth control during imaginal disc development.

Conclusion. We have shown here that, in the
wild type, Dpp concentration and signaling gra-
dients scale and that, on average, cells divide
when Dpp signaling levels have increased by
0s ~ 50%. A growth mechanism based on rel-
ative changes in signaling levels can quantita-
tively account for growth dynamics of wing and
haltere discs, for inhomogeneous growth ob-
served in scaling mutants, and for growth prop-
erties of Tkv®® clones. Other growth-control
mechanisms we considered—for example, mech-

A

anisms based on spatial differences in Dpp
concentration or signaling—are less consistent
with our data (SOM text S1.3.2). However, the
growth rule proposed here remains to be verified
on the single-cell level.

Would the growth mechanism proposed here
work in the entire wing? In wild-type discs, our
Dpp concentration and signaling measurements
were only significantly above background in
medial regions. However, the C765>Dpp and
Tkv?P clone experiments show that the Seell /Seel
mechanism also works laterally. Furthermore, in
our simulations of wild-type disc growth, Dpp
molecule numbers in lateral regions are low but

sufficient to provide enough precision to control
proliferation by a temporal growth rule (SOM
SI8). The simulations indeed capture the main
growth properties of the complete wing and hal-
tere, which indicates that the growth mechanism
could in principle operate globally.

How could cells determine relative increases
in Dpp signaling? Sensitivity of signaling sys-
tems to relative changes of input is typical for
adaptive sensory systems and plays a role in bac-
terial and sperm chemotaxis and in olfactory and
visual transduction, where determination of rel-
ative temporal changes is achieved by combining
adaptation with a dynamic response (36—40). The
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Fig. 7. Simulations of morphogen spreading and growth control | — sim. WT clones (lateral)
(SOM SI). (A to €) Representative sample of simulation results. (A) |--- sim. TKV@P clones (medial)
Simulated Dpp distribution; color intensity code: number of Dpp | — sim. TKV@P clones (lateral)
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molecules. (B) Cell cycle state [red, M (M phase); blue, / (constant
phase in interphase); black, C (checkpoint phase)]. (C) Cell generation number
(color-coded). (D to F) Averaged simulation results (red and blue, n = 25) with
experimental data (black and gray). (D) Posterior compartment area over
time. (E) Decay length versus posterior compartment width. (F) Gradient
amplitude versus posterior compartment area. (G to 1) Numerical simulations
of wild-type and Tkv®® clones located close to and far from the source

(“medial” and “lateral,” respectively). (G) Lateral clone expressing Tkv®®
(black outline; dashed line, AP boundary) with cell generation number (color-
coded); note nonautonomous effects on proliferation around the clone
(arrowheads). (H) Average growth rates of simulated medial and lateral Tkv®®
(red) and control (black) clones (n=25); vertical dashed line: induction of
Tkv@P production; |, average simulated clone size at ¢ = 120 hours.
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Dpp pathway is a dynamic network and may
generate adaptive responses by combining feed-
forward and feedback elements in its structure.
Consistent with this idea, in &7%*! mutants, where
the Dpp network is perturbed, o has a different
value (fig. S11) [This mutant is discussed in
detail in SOM text S2.4].

Our observations raise the question of what
molecular mechanisms underlie (i) cell cycle
control via relative temporal changes of Dpp
signaling, (ii) gradient scaling via decrease of
Dpp degradation, and (iii) final size determina-
tion. Although pupariation time and final size
were different in the different conditions studied,
the average cell cycle length at pupariation was
about 30 hours for all (table S2; SOM text
S1.3.4), which suggested that cells could stop
dividing when their cell cycle is prolonged
beyond a threshold. Response to this threshold
could be deregulated in some tumor mutants.
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Crystal Structure of the Dynein

Motor Domain

Andrew P. Carter,?*+ Carol Cho,** Lan Jin,* Ronald D. Vale't

Dyneins are microtubule-based motor proteins that power ciliary beating, transport intracellular
cargos, and help to construct the mitotic spindle. Evolved from ring-shaped hexameric AAA-family
adenosine triphosphatases (ATPases), dynein’s large size and complexity have posed challenges
for understanding its structure and mechanism. Here, we present a 6 angstrom crystal structure
of a functional dimer of two ~300-kilodalton motor domains of yeast cytoplasmic dynein. The
structure reveals an unusual asymmetric arrangement of ATPase domains in the ring-shaped motor
domain, the manner in which the mechanical element interacts with the ATPase ring, and an
unexpected interaction between two coiled coils that create a base for the microtubule binding
domain. The arrangement of these elements provides clues as to how adenosine triphosphate—driven
conformational changes might be transmitted across the motor domain.

he cytoskeletal motor proteins consist of
the myosin family, which moves along ac-
tin filaments, and the kinesin and dynein
families, which move along microtubules. These
motors use a common principle to generate move-
ment in which they bind to their track, undergo
a force-producing conformational change, re-
lease from the track, and then return to their orig-
inal conformation. These structural changes are

www.sciencemag.org SCIENCE VOL 331

coupled to chemical transitions in the motor’s
adenosine triphosphatase (ATPase) cycle [adeno-
sine triphosphate (ATP) binding, hydrolysis, and
product release].

The force-generating cycles of kinesins and
myosins are understood in considerable mechanis-
tic detail. Even though they interact with differ-
ent cytoskeletal polymers, kinesins and myosins
share a protein fold, reflecting their common evo-

lutionary origin (/). Dyneins, by contrast, are
unrelated to kinesins/myosins and instead have
evolved from the AAA family of ATPases (2).
The AAA ATPases (ATPases associated with
diverse cellular activities), which are present in
both prokaryotes and eukaryotes, participate in
diverse functions, including protein unfolding
for proteolysis, disassembly of stable protein
complexes, and helicase activities (3). The ma-
jority of AAA ATPases self-assemble into hexa-
meric rings that carry out the functional activities
of these enzymes (4, 5). Dynein is one of two
AAA ATPases that has six distinct AAA do-
mains concatenated within a single polypeptide
chain [the other being Real, an ATPase involved
in ribosome biogenesis (6)]. Electron microscopy
(EM) studies of dynein have shown that these
AAA domains fold into a ring-shaped structure
similar to other AAA ATPases (7-9).
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