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ancestry of micronemes (24, 25). Although
PfDOC2.1 knockdown inP. falciparum has a clear
effect on invasion, at this level of knockdown it did
not result in an egress defect, suggesting that
Plasmodium merozoites may rely on microneme
secretion for invasion but on qualitatively different
exoneme secretion for egress from the erythrocyte
(26). However, in Toxoplasmamutant F-P2 both
invasion and egress were defective because
microneme secretion plays a central role in both of
these processes (27), highlighting divergent roles
for secretory organelles in egress between these
organisms. Thismultilayered Ca2+-mediated con-
trol of microneme secretion may underscore tight
temporal regulation, and this mechanism appears
ancestral to the ciliates and the Apicomplexa.
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Cytoplasmic Dynein Moves Through
Uncoordinated Stepping of the
AAA+ Ring Domains
Mark A. DeWitt, Amy Y. Chang, Peter A. Combs, Ahmet Yildiz*

Cytoplasmic dynein is a homodimeric AAA+ motor that transports a multitude of cargos toward
the microtubule minus end. How the two catalytic head domains interact and move relative to
each other during processive movement is unclear. Here, we tracked the relative positions
of both heads with nanometer precision and directly observed the heads moving independently
along the microtubule. The heads remained widely separated, and their stepping behavior
varied as a function of interhead separation. One active head was sufficient for processive
movement, and an active head could drag an inactive partner head forward. Thus, dynein
moves processively without interhead coordination, a mechanism fundamentally distinct
from the hand-over-hand stepping of kinesin and myosin.

Cytoplasmic dynein forms a 1.2-MD com-
plex that uses adenosine triphosphate
(ATP) hydrolysis to power minus-end–

directed motility along microtubules. The cata-
lytic head domain is composed of six AAA+
[adenosine triphosphatases (ATPases) associated
with diverse cellular activities] modules arranged
in a ring (1). ATPase activity at AAA1 is essential
for dyneinmotility (2). The two rings are connected
by the dimerization of N-terminal tail domains and
bind to the microtubule through a ~15-nm coiled-
coil stalk bearing a small microtubule-binding do-

main (MTBD). Dynein is required for many cel-
lular processes, including organelle transport and
cell division, and dynein malfunction can lead to
motor neuron degeneration (3).

Despite recent advances in understanding
dynein’s structure (4) and mechanism (5, 6), the
stepping mechanism of dimeric dynein during
processive motion remains unclear. Studies of
kinesin and myosin motors have shown that their
heads take alternating steps in a hand-over-hand
(HoH) fashion (7–9). Dynein motility also re-
quires two heads (6), but it is unclear whether
they coordinate with each other to achieve pro-
cessivemotion (10). Dynein’s structure and origin
are distinct from kinesin and myosin, suggesting
that it may use a different mechanism.

To investigate dynein’s stepping mechanism,
we tracked the movement of an artificially dimer-

ized, tail-truncated yeast cytoplasmic dynein [gluta-
thione S-transferase–Dyn331kD (GST-Dyn331kD)],
which has similar stepping properties to native
dynein (6). First, we tracked the movement of
dynein labeled with a single quantum dot (QD)
at 2 msec temporal resolution in the presence of
rate-limiting ATP (Fig. 1A and fig. S1). As re-
ported previously (5, 6), the distribution of step
sizes was multimodal. The step-size histogram of
head-labeled dynein revealed two major peaks
at 9.3 T 0.7 and 17.5 T 1.2 nm that were nearly
twice as large as the peaks observed in the tail
histogram (4.8 T 0.3 and 8.7 T 0.9 nm) (Fig. 1B).
The probability of backward stepping ( pBW) was
0.2. The dwell-time histogram for head-labeled
dynein at 12 µM ATP (Fig. 1C) was best fit by a
convolution of one slow (k1 = 2.1 T 0.2 sec

–1) and
one fast (k2 = 14.1 T 2.5 sec–1) exponential rate
constant. The product of k2 and the average head
step size (dhead = 10.2 nm) agrees well with the
average velocity of dynein at saturating [ATP]
(124 nm/sec). This data excludes the symmetric
HoH model, which predicts the stepping kinetics
of a head to be a convolution of two equal rate
constants (fig. S2). Instead, the dwell-time his-
togram of tail-labeled dynein was well described
by a kinetic model in which the heads can step
independently and the tail moves each time either
head takes a step (k ′1 = 1.2 T 0.1 sec

–1; k ′2 = 12.2 T
2.7 sec–1) (fig. S2).

To directly address how the two heads in-
teract and move relative to each other, we labeled
GST-Dyn331kD with different-colored QDs (17
to 22 nm in size) (table S1) at the C termini and
simultaneously tracked the positions of the heads
during processive movement (11). The fluorescent
signal was split into two channels and registered
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to 3-nm precision (figs. S3 to S5). Representa-
tive traces (Fig. 2A, fig. S6, and movies S1 and
S2) clearly showed that either head could take
a step regardless of which head was leading, a
mechanism distinct from HoH. Although most
steps showed a canonical alternating pattern, one
head could take multiple consecutive (nonalter-
nating) steps before the other head moved (Fig.
2B). Nonalternating stepping occurred about half
as often as alternating stepping (32% of steps,
fig. S7). This may partly be due to the time
needed for a head to complete its ATPase cycle
before it can take another step.

The heads often walked along different
protofilaments (fig. S6), with the leading head
preferentially located to the right of the trail-
ing head (Fig. 2C and fig. S8). Measurements
using organic dyes showed that the heads were
separated by 23.0 T 13.2 nm (mean T SD) (fig.
S9), excluding the possibility of a stacking inter-
action between the AAA+ rings (12).

The heads frequently swapped the lead, but
not strictly after every step of the motor. The
stepping characteristics of a head in the leading
and trailing positions differed substantially de-
pending on interhead separation, forming the
basis of the high variability in dynein’s step size
(6). The on-axis (parallel to the microtubule long

axis) step size decreased by ~0.4 nm per nano-
meter increase in interhead separation (Fig. 3A).
The trailing head took larger (d = 17.5 nm) for-
ward and fewer ( pBW = 0.14) backward steps. In
contrast, the leading head took significantly shorter
(d = 1.5 nm) forward and more frequent ( pBW =
0.45) backward steps. The off-axis (perpendicular
to the microtubule long axis) step size also de-
creasedwith interhead separation but without a net
bias toward left or right (Fig. 3B). The stepping
probabilities of the leading and trailing heads were
nearly identical when they were positioned close
(10 to 20 nm) to each other. At larger separations,
65% of the steps were taken by the trailing head
(Fig. 3C).

The heads of native dynein also moved
independently, and their stepping behavior varied
as a function of interhead separation, similar to
GST-Dyn331kD (figs. S10 and S11). The results
show that the tail domain is not involved in inter-
head coordination.

Our results show that dynein’s stepping
mechanism is different from processive kinesins
andmyosins. The steppingmotion of thesemotors
is driven by the power stroke of the bound head,
whichmoves the trailing head forward. For dynein,
we propose a tethered excursionmodel (Fig. 3D),
in which a conformational change that produces

the minus-end bias occurs in the unbound head.
Either head can bind ATP at the AAA1 site,
followed by its release from themicrotubule (13).
The linker undergoes a minus-end–directed
priming stroke upon ATP hydrolysis (14), which
moves its MTBD forward. The large and flexible
linker allows the released head to diffuse over a
wide area, resulting in both large interhead sepa-
rations and variable step sizes.

The heads experience intramolecular tension
at large separations, and the power stroke of the
bound head may occasionally trigger the release
of the other head. In fact, we observed that the
stepping probability of the trailing head increased
at large separations (Fig. 3C). This result is con-
sistent with force-induced movement of dynein,
which requires less force when it is pulled toward
the minus end (15). In addition, tension can bias
the diffusional search of the tethered head toward
the bound head, preventing further extension of
the dimer (Fig. 3D).

The tethered excursion model predicts that a
single force-generating head in a dynein dimer
can both take a step and drag an inactive head
forward. We tested the motility of a heterodi-
meric dynein with one wild-type head (WTh) and
one mutant head lacking the ability to hydrolyze
ATP at the AAA1 domain (Muth) (6, 16). Muth

Fig. 1. (A) Step-size measurements of tail- and head-labeled GST-Dyn331kD
with a single QD-655 at 2-msec temporal resolution. The QD position (blue
traces) was fit by a step-finding algorithm (solid red lines). (B) Multiple
Gaussian fits to step-size histograms reveal two major peaks at 9.3 and 17.5

nm for the head and 4.8 and 8.7 nm for the tail. (C) Dwell-time histogram of
head-stepping fitted to a convolution of two unequal rate constants and that
of tail-stepping fitted to a model assuming uncoordinated stepping between
two heads, each with two unequal rate constants.
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Fig. 2. (A) Stepping trace of GST-Dyn331kD labeled with QD-585 (blue) and QD-
655 (red) shows that the headsmove independently of eachother during processive
runs. The heads are separated by 28.4 T 10.7 nm (bottom inset). (B) Examples of

nonalternating and lead-head stepping (arrows) show that dynein stepping deviates
from the HoH mechanism. (C) Histogram of the angles between the interhead
separation vector (red arrow) and the microtubule long axis (blue arrow).

Fig. 3. (A) The on-axis step size (blue dots) of GST-Dyn331kD decreases linearly
(red line) as a function of interhead separation and is biased forward by 9.1 T
0.6 nm. The leading head takes shorter (d = 1.5 nm) steps with more frequent
(pBW = 0.45) backward steps, compared with the trailing head (d = 17.5 nm;
pBW = 0.14) (bar graphs). (B) Off-axis step sizes show a linear dependence on
interhead separation without a bias to move toward the right (positive) or left
(negative). (C) Fraction of the steps taken by the leading and trailing heads at

different interhead separations (mean T SEM). (D) Tethered excursion model
for the dynein stepping mechanism. Either the leading or the trailing head
can hydrolyze ATP and release from the microtubule. A diffusional search of
the trailing head (green) is biased forward by interhead tension and the linker
swing, resulting in a large forward step. In contrast, linker swing and tension
bias the diffusion of the leading head (blue) in opposing directions, resulting
in either a backward step or a short forward step.

www.sciencemag.org SCIENCE VOL 335 13 JANUARY 2012 223
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cannot undergo a power stroke (17) and is weak-
ly associated with the microtubule (13). The
WTh\Muth heterodimermovedprocessively toward
the microtubule minus end (movies S3 and S4,
Fig. 4A, and figs. S12 and S13). WTh was found
in the lead 66% of the time (fig. S14). Similarly,
during occasional short (4 to 5 steps) backward
runs,WTh remained in the leading position toward
the plus end.

Muth exhibited different stepping character-
istics in both the leading and trailing positions
(Fig. 4B) than WTh. The on-axis step size of
Muth had reduced (7.1 T 0.7 nm) minus-end–
directed bias, comparedwithWTh (10.9 T 0.8 nm).
The probability ofMuth being in the lead decreased
as interhead separation increased (<25% at 30+ nm
separations) (fig. S15), andMuth was more likely
to step backward from the lead (d = –2.6 nm;
pBW= 0.44) (Fig. 4B). The average step size and
stepping rate of Muth were similar to those of
WTh (figs. S14 and S15). Muth stepping was
mostly directed toward WTh, whereas the direc-
tion of WTh stepping was largely independent of
the position of Muth (Fig. 4C).

Thus, dynein motility does not require allo-
steric communication between the AAA1 sites,

and only one force-generating head is sufficient
for processive movement. WTh usually remains
in the lead and drives forward movement. The
detachment of Muth from the microtubule can
be facilitated by ATP binding to its AAA1 site
(13). Alternatively, Muth can release under ten-
sion generated through the power stroke of WTh.
BecauseMuth lacks the ability to generate a power
stroke, its step size is mainly biased toward the
WTh under tension (Fig. 4D).

Our results challenge established views of
motor processivity that require coordination
between the mechanochemical cycles of the
heads. Kinesin (18, 19) and myosin (20) motility
rely on mechanical and chemical gating mecha-
nisms that allow the leading head to stay bound
to its track while the trailing headmoves forward.
Dynein clearly moves by a different mechanism.
We see no evidence of strict gating that keeps the
heads out of phase. Processivity requires two
heads to be physically connected (6) to prevent
detachment of the motor when one of the heads
steps forward. It is possible that simultaneous
detachment of both heads is stochastic. Dynein’s
high duty ratio (21) may allow the motor to take
many steps before dissociation. Processivity in

the absence of gating is also achieved by multi-
ple monomeric kinesins (22) and engineered
dimeric motors that have poor mechanochem-
ical communication between the heads (18, 23).
Further understanding of the molecular basis
of dynein processivity will require simulta-
neous monitoring of the linker conformations
and stepping motion of the leading and trailing
head domains.
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Tumor Necrosis Factor Signaling
Requires iRhom2 to Promote
Trafficking and Activation of TACE
Colin Adrain,1† Markus Zettl,1*† Yonka Christova,1 Neil Taylor,2 Matthew Freeman1‡

The cytokine tumor necrosis factor (TNF) is the primary trigger of inflammation. Like many
extracellular signaling proteins, TNF is synthesized as a transmembrane protein; the active signal
is its ectodomain, which is shed from cells after cleavage by an ADAM family metalloprotease,
ADAM17 (TNFa-converting enzyme, TACE). We report that iRhom2 (RHBDF2), a proteolytically
inactive member of the rhomboid family, is required for TNF release in mice. iRhom2 binds TACE
and promotes its exit from the endoplasmic reticulum. The failure of TACE to exit the endoplasmic
reticulum in the absence of iRhom2 prevents the furin-mediated maturation and trafficking of
TACE to the cell surface, the site of TNF cleavage. Given the role of TNF in autoimmune and
inflammatory diseases, iRhom2 may represent an attractive therapeutic target.

Proteolytic release of the extracellular do-
main of transmembrane proteins is an im-
portant mechanism for generating signals

that regulate major aspects of animal devel-
opment, physiology, immunity, and pathology
(1, 2). An important example of regulated ecto-
domain shedding is the cytokine tumor necrosis
factor (TNF), the primary trigger of inflammatory
responses. TNF is associated with many human
diseases, including rheumatoid arthritis, Crohn's
disease, atherosclerosis, psoriasis, sepsis, diabetes,
and obesity. Its blockade is licensed as a therapy
for a number of conditions and is being assessed
for others (3). Soluble, active TNF is shed from
the plasma membrane by the ADAM family me-
talloprotease TACE (TNFa-converting enzyme,
also known as ADAM17) (4). Despite the medi-
cal importance of TNF and other transmembrane
signaling proteins, the regulation of ectodomain
shedding remains poorly understood. Both the
transmembrane forms of the signaling proteins
themselves and the shedding proteases are sub-

ject to control by posttranslational modification,
interaction with specific partners, and regulated
intracellular trafficking and compartmentaliza-
tion (5–9). The relative physiological importance,
however, of these different modes of regulation
is unclear.

We have investigated the regulation of ecto-
domain shedding by genetic and cellular ap-
proaches, both in Drosophila and mammalian
cells. This has led to the recent discovery of a
new class of polytopic endoplasmic reticulum
(ER) proteins, the iRhoms, which are noncat-
alytic relatives of rhomboid intramembrane
proteases (Fig. 1A) (10). Drosophila iRhom reg-
ulates epidermal growth factor (EGF) receptor
signaling by interacting with EGF family ligands
in the ER, shunting them into the ER-associated
degradation (ERAD) pathway (11). iRhoms are
conserved in all metazoans, and in cell culture
assays, their mammalian counterparts, iRhom1
and iRhom2, can also promote ERAD of EGF. In
mammals, however, their physiological role is
unknown.We therefore generated a null mutation
in the gene that encodes iRhom2 (RHBDF2) in
mice (12) (fig. S1A). iRhom2−/− (knockout, KO)
mice appeared normal: They were viable and
fertile, with no morphological defects. Unlike
iRhom1, which is widely expressed, iRhom2 is
predominantly expressed in immune cells, par-
ticularly macrophages (13, 14), where its expres-
sion was specifically up-regulated in response to

lipopolysaccharide (LPS) stimulation (Fig. 1B).
We therefore challenged iRhom2−/− mice with
LPS, to mimic bacterial infection, and measured
the serum concentration of proinflammatory cy-
tokines. Interleukin-1b (IL-1b), IL-6, and IL-12
were induced normally but, remarkably, TNF
induction was almost completely abolished in
mutant mice (Fig. 1C). Macrophages are the
most abundant source of TNF; consistent with
this, in vitro differentiated bone marrow–derived
macrophages (BMDMs) from iRhom2−/− mice
failed to secrete TNF in response to LPS (Fig. 1D).

The failure of TNF secretion in iRhom2−/−

mice [confirmed in this issue; see (15)] is not
caused by its loss of expression: RNA levels
were unaffected (fig. S2A), and protein levels
were actually elevated in iRhom2−/−macrophages
(Fig. 2, A and B). This result was confirmed by
cell surface labeling followed by affinity precipi-
tation, which showed an increase in the accu-
mulation of the full-length, membrane-tethered
form of TNF on the plasmamembrane ofmutant
cells (Fig. 2C). Furthermore, inhibition of the
shedding protease TACE in wild-type (WT) cells
by the matrix metalloproteinase inhibitor BB94
(Fig. 2, A and C) resulted in a phenotype similar
to iRhom2−/−macrophages. Together, these data
imply that loss of iRhom2 does not interfere with
the induction or intracellular trafficking of TNF
but instead suggests a shedding defect. We tested
this hypothesis directly. Although TACE levels
were normal in bothWTandmutantmacrophages
(Fig. 2D), loss of iRhom2 led to a complete abolition
of activity of immunoprecipitated TACE (Fig. 2E
and fig. S2B). This result explains the loss of TNF
shedding in mutant mice and macrophages.

Like TNF, TACE has been the focus of major
pharmaceutical interest: Not only does it regulate
inflammation through TNF, but it is also im-
plicated in cancer by activating EGF receptor
ligands (16); furthermore, it is a point of inte-
gration for a wide range of incoming signals (17).
Despite this intense spotlight, TACE regulation
remains poorly understood. Several lines of evi-
dence suggest the trafficking of enzyme to the
plasma membrane is important, but other work
implies that, at least in some contexts, the rate-
limiting step may be activation of molecules
already at the cell surface (5–7, 18, 19). Because
most evidence agrees that the plasma membrane
is the primary site of TACE activity, we tested
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