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A cytoplasmic dynein is a microtubule-based motor
protein involved in diverse cellular functions, such as
organelle transport and chromosome segregation. The
dynein has two ring-shaped heads that contain six re-
peats of the AAA domain responsible for ATP hydrolysis.
It has been proposed that the ATPase-dependent swing
of a stalk and a stem emerging from each of the heads
generates the power stroke (Burgess, S.A. (2003) Nature
421, 715–718). To understand the molecular mechanism
of the dynein power stroke, it is essential to establish an
easy and reproducible method to express and purify the
recombinant dynein with full motor activities. Here we
report the expression and purification of the C-terminal
380-kDa fragment of the Dictyostelium cytoplasmic dy-
nein heavy-chain fused with an affinity tag and green
fluorescent protein. The purified single-headed recom-
binant protein drove the robust minus-end-directed
sliding of microtubules at a velocity of 1.2 �m/s. This
recombinant protein had a high basal ATPase activity
(�4 s�1), which was further activated by >15-fold on the
addition of 40 �M microtubules. These results show that
the 380-kDa recombinant fragment retains all the struc-
tures required for motor functions, i.e. the ATPase
activity highly stimulated by microtubules and the
robust motility.

The cytoplasmic dynein, which is an enormous complex com-
posed of two identical heavy-chains (molecular mass, �500
kDa) as well as several intermediate-, light intermediate-, and
light-chains, plays an essential role as the molecular motor for
cellular transports and chromosomal segregation (1, 2). The
heavy-chain folds into a ring-like head composed of six AAA
domains, a stem, and a stalk emerging from the head (3–5). The
stalk is the microtubule-binding domain with a long coiled-coil
structure (6–8). The swing of the stem and the stalk induced by
ATP hydrolysis has been proposed to be responsible for the
force-producing power stroke (9). To elucidate further the mo-
lecular details of this force production by dynein, it is essential
to construct an easy and reproducible system for expressing
and purifying recombinant dynein with motile activity. Al-

though it was reported that the purified full-length heavy-
chain of rat cytoplasmic dynein expressed in insect cells drove
the microtubule sliding (10), it remains to be clarified how the
endogenous insect dynein present in the rat dynein preparation
contributed to the observed microtubule sliding. Considering
the fact that the cytoplasmic dynein is a processive motor and
drives the microtubule sliding even at a very low concentration
(11, 12), in vitro motility assays must be designed to eliminate
the possibility that contaminating proteins rather than the
recombinant dyneins drive the microtubule sliding.

The 380-kDa fragment of the Dictyostelium dynein heavy-
chain has been successfully expressed in Dictyostelium cells
(13). Electron microscopic studies on the fragment have shown
that it has a single ring-shaped head and a stalk protruding
from it (14). This fragment binds to microtubules in an ATP-
sensitive fashion and is susceptible to VO4-mediated photo-
cleavage (13), an indication that the fragment may have
ATPase activity. However, it remains to be shown whether this
recombinant dynein fragment is an active motor with microtu-
bule-activated ATPase activity and motility. Here, we have
established an expression and purification system of the single-
headed Dictyostelium 380-kDa dynein fragment fused with the
N-terminal His tag and GFP1 (designated HG380) and have
shown that it can drive the robust sliding of microtubules and
has high microtubule-activated ATPase activity. Thus, this
heavy-chain fragment is an active motor that contains all
structures required for force generation.

MATERIALS AND METHODS

Plasmid Constructs and Expression of Cytoplasmic Dynein Frag-
ments—A 14-kbp fragment of the Dictyostelium Ax2 genome encoding
the full-length cytoplasmic dynein heavy-chain (13, 15) was cloned by
genomic PCR. A fragment of the cloned DNA that spans the KpnI site
(4,146 bp from the start codon) and the stop codon (14,175 bp) was
manipulated so that the His6 tag and enhanced GFP were fused at the
N terminus of the 380-kDa fragment, as shown in Fig. 1. A linker was
also inserted so that -Gly-Gly-Gly- would be inserted between the C
terminus of GFP and the N terminus of the truncated dynein heavy-
chain. This HG380 construct was cloned into an extrachromosomal
vector for tetracycline-regulated expression in Dictyostelium cells (16).
A deletion construct lacking the microtubule-binding site at the end of
the stalk (deletion from 10099 to 10476 bp) was also constructed. The
latter was designated HG380�MT.

The Dictyostelium cells used for the tetracycline-regulated expres-
sion system were derived from Ax2 as described (16). These cells can be
negatively regulated by tetracycline and have antibiotic resistance for
G418. For the expression of HG380 or HG380�MT, the extrachromo-
somal plasmids carrying the corresponding genes were introduced into
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these Dictyostelium cells by electroporation as described (17). The
transformed cells were grown as described (18) in an axenic medium
supplemented with 10 �g/ml blasticidin S, 10 �g/ml G418, and 10 �g/ml
tetracycline to inhibit expression of the recombinant proteins. When
cells grew to 5 � 106/ml, the medium was replaced with one without
tetracycline to start the induction of these recombinant proteins.

Protein Purification—All procedures were carried out at 4 °C or on
ice unless otherwise stated. Twenty-four hours after induction, Dictyo-
stelium cells expressing HG380 or HG380�MT were harvested and
resuspended in an equal volume of PMG buffer (100 mM PIPES-KOH, 4
mM MgCl2, 0.1 mM EGTA, 0.9 M glycerol, 10 mM imidazole, 1 mM

�-melcaptoethanol, 10 �g/ml chymostatin, 10 �g/ml pepstatin, 50 �g/ml
leupeptin, 500 �M phenylmethylsulfonyl fluoride, and 0.1 mM ATP, pH
7.0). The cells were homogenized by sonication and centrifuged at
24,000 � g for 20 min and then at 187,000 � g for 60 min. The high
speed supernatant was mixed with Ni-nitrilotriacetic acid-agarose
beads and incubated for 60 min. After precipitation and washing, the
adsorbed proteins were eluted from the beads four times with PMG
buffer supplemented with 250 mM imidazole. The four eluted fractions
were mixed and loaded onto a PD-10 desalting column (Amersham
Biosciences) to replace the solvent to a PMEG buffer (100 mM PIPES-
KOH, 4 mM MgCl2, 5 mM EGTA, 0.1 mM EDTA, 0.9 M glycerol, 1 mM

dithiothreitol, 10 �g/ml chymostatin, 10 �g/ml pepstatin, 50 �g/ml
leupeptin, 500 �M phenylmethylsulfonyl fluoride, and 0.1 mM ATP, pH
7.0) (19). The eluted fraction from PD-10 was mixed with microtubules
prepared from porcine brain (20), paclitaxel, and adenosine 5�-(�,�-
imido) triphosphate so that their final concentrations would be 1 mg/ml,
10 �M, and 0.5 mM, respectively. The mixture was then incubated at
room temperature for 30 min. The HG380 molecules complexed with
microtubules were pelleted at 46,200 � g for 20 min at 25 °C through a
PMEG cushion containing 25% sucrose without ATP. The pellet was
suspended in a PMEG buffer containing 10 mM MgATP and 10 �M

paclitaxel. The microtubules were pelleted again at 356,000 � g for 10
min at 25 °C to release HG380. The supernatant contained HG380.
Glycerol and ATP were included throughout the HG380 preparation
because we observed that the protein was unstable without them. The
purified proteins were stored on ice and used within 2 days.

Protein Concentrations—Protein concentrations of HG380 were rou-
tinely determined by the Bradford method (21) by using bovine serum
albumin as a standard. These concentrations were calibrated by using
the absorption of GFP as follows. First, we determined the concentra-
tion of purified GST�GFP expressed in Escherichia coli by using the
molecular extinction coefficient of GFP (55,900 at 488 nm; Ref. 22).
Then we determined the concentration of HG380 by comparing the
fluorescence intensity of GST�GFP at 510 nm (excited at 488 nm) to that
of HG380. We did not directly use the molar extinction coefficient of
GFP to determine the concentration of HG380 because the GFP absorb-
ance of purified HG380 at 488 nm was not high enough for accurate
measurements. The results showed that the Bradford method gave
almost the same concentrations as those obtained by the absorption of
GFP at 488 nm (within an error of 20%). The concentration of tubulin
was also determined by the Bradford method as described (23).

Measurements of Microtubule-activated ATPase Activity—Just before
ATPase measurements, the amount of ATP in the purified HG380 was
depleted to 0.1 mM by a NAP-5 desalting column (Amersham Bio-
sciences). The ATPase assay was performed using the EnzChek phos-
phate assay kit (Molecular Probes, Eugene, OR). The assay conditions
were as follows: assay buffer, 10 mM PIPES-KOH, 50 mM potassium
acetate, 4 mM MgSO4, 1 mM EGTA, 10 �M paclitaxel, and 1 mM dithi-
othreitol, pH 7.0; HG380, 5 �g/ml (12.5 nM); microtubules, 0 �40 �M;

temperature, 25 °C. The reaction was followed by continuously moni-
toring the absorbance at 360 nm. For each set of measurements of the
microtubule-activated ATPase activity, we checked the background
phosphate-release rate of microtubules alone. The average background
rate of steady-state increase of absorption at 360 nm in the presence of
microtubules without HG380 was �0.2 nM/s/�M microtubule. Thus, the
free phosphate ions present in tubulin preparation or released from the
intrinsic GTPase activity of microtubules rarely contributed to the
ATPase activities of HG380 even at the highest microtubule concentra-
tion used here (40 �M).

The observed specific activity kobs is a sum of the basal ATPase
activity kB and the maximally activated ATPase activity kCAT as shown
in Equation 1, where [MT] is the microtubule concentration and KMT is
the microtubule concentration at the half saturation of microtubule-
activated ATPase activity.

kobs � kCAT��MT�/	KMT � �MT�
� � kB�1 � �MT�/	KMT � �MT�
�

� 	kCAT � kB
��MT�/	KMT � �MT�
� � kB (Eq. 1)

Thus, (kobs-kB) values were fitted to the Michaelis-Menten equation to
obtain the kCAT and KMT values.

In Vitro Motility Assays—Assays were performed at 25 °C in the
ATPase buffer without dithiothreitol. This buffer was used for every
step of the motility assay unless otherwise stated. The assay chamber
was coated sequentially with streptavidin (1 mg/ml), biotinyl protein G
(1 mg/ml), and anti-GFP monoclonal antibody (Qbiogene, Carlsbad, CA)
diluted to 100 �g/ml by the assay buffer containing 1 mg/ml bovine
serum albumin. The chamber surface was finally blocked with 10 mg/ml
bovine serum albumin. The purified HG380 diluted to 50 �g/ml was
introduced into the chamber twice at 5-min intervals. After 5 min, 30
�g/ml of paclitaxel-stabilized microtubules was introduced into the
chamber. After another 5 min, the assay chamber was washed, and
then the assay buffer containing 1 mM ATP was introduced. The control
IgG2a (Zymed Laboratories Inc., South San Francisco, CA), which be-
longs to the same subclass as that of the anti-GFP antibody but does not
cross-react with GFP, was diluted to 100 �g/ml and used for control
experiments (Fig. 3b). Microtubules were observed using dark-field
illumination with a �40 objective lens and recorded with video tape
recorder. The recordings were digitized and analyzed. All microtubules
longer than 5 �m in randomly selected microscopic fields were chosen
for measurements. The sliding velocity of microtubules that translo-
cated in a continuous manner for at least 4 s was measured. Some of the
microtubules translocated only occasionally and for only a short period
of time. They were counted as non-motile microtubules. For the exper-
iments with the control IgG2a, the motion of microtubules was followed
for more than 20 s.

The polarity-marked microtubules were prepared as described (24).
The motility assay using polarity-marked microtubules was performed
in the assay buffer containing 20 �M paclitaxel.

RESULTS AND DISCUSSION

The single-headed cytoplasmic dynein fragment HG380 was
expressed in Dictyostelium cells by using the tetracycline-de-
pendent promoter (16). When tetracycline was depleted from
the medium to activate the transcription, the recombinant
dynein was expressed transiently (Fig. 2a, HSS). The ex-
pressed HG380 was purified first by nickel-nitrilotriacetic acid-
agarose beads (Fig. 2a, elution-1–4) and then by co-precipita-
tion with microtubules. Finally, HG380 was released from the
precipitated microtubules by MgATP. When checked by SDS-
PAGE, this final HG380 preparation did not show any visible
band corresponding to the endogenous dynein heavy-chain
(Fig. 2a, �ATP sup).

We first examined whether HG380 retains motile activity. To
eliminate the possibility that the endogenous Dictyostelium
dynein or kinesin that might be present in the HG380 prepa-
ration or the brain dynein that might be present in the tubulin
preparation could drive the microtubule sliding, we constructed
the following assay system (Fig. 3a). A slide glass was covered
sequentially with streptavidin, biotinyl protein G, and mono-
clonal anti-GFP antibody. The HG380 was fixed on the glass
surface by this antibody through the GFP moiety, though some
of the recombinant protein might have bound to the glass

FIG. 1. Schematic diagram of the expression constructs. The
amino acid residue numbers of the Dictyostelium dynein heavy-chain
are shown on the bar representing its primary sequence (top). At the N
terminus of each construct, the His6 tag and enhanced GFP are fused.
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surface nonspecifically. When the motility assays were carried
out in this system, most of the microtubules (83%) slid
smoothly with an average velocity of 1.2 �m/s (Fig. 3b), which
is comparable with the velocity of the brain cytoplasmic dynein
(23, 25). In the assays using polarity-marked microtubules,
most of these sliding filaments (�98%) moved so that their
modified minus-ends were back (Fig. 3c), indicating that the
minus-end-directed motors drove the robust sliding of these
microtubules (24). Thus, it is very likely that the sliding was
driven by dynein, not by the plus-end-directed kinesin that
might be present in the HG380 preparation as contamination.
Some microtubules (17%) did not move, possibly because they
bound on the HG380 molecules nonspecifically absorbed on the
glass surface.

When the control IgG2a that does not cross-react to GFP was
used in place of the anti-GFP antibody, most of the microtu-
bules did not slide on the addition of ATP, although some of
them (18%) slid very slowly with an average velocity of 0.3
�m/s (Fig. 3b). These results showed that the HG380 molecules
trapped with anti-GFP antibodies on the glass surface sup-
ported the smooth, robust sliding of microtubules.

To further confirm this notion, we performed mock experi-
ments by using an HG380 derivative in which the microtubule-
binding site at the end of the stalk (6, 26) was deleted (Fig. 1,

HG380�MT). The deletion mutant was transiently expressed
as in the case of HG380. The expression level of HG380�MT
was very similar to that of HG380 (Fig. 2b, HSS). HG380�MT
was first purified by nickel-nitrilotriacetic acid beads and then
co-precipitated with microtubules. Unlike the case of HG380,
however, HG380�MT did not co-precipitate with microtubules
as expected, because it lacked the microtubule-binding site.
Thus, only a small amount of proteins was released from the
precipitated microtubules on the addition of ATP (Fig. 2b,
�ATP sup). When this ATP-released protein mixture was used
for the motility assay in place of HG380, virtually no microtu-
bule was trapped on the glass surface. The result ensured that
microtubules on the glass surface covered with HG380 were
actually trapped there by binding to this recombinant protein.

FIG. 4. Microtubule activation of ATPase activity of HG380.
The solid curve represents a hyperbola with the calculated kcat (160 s
1)
and KMT (68 �M). For the calculation, basal activity was subtracted from
the measured activities. Error bars, S.D. Assay conditions were as
follows: assay buffer, 10 mM PIPES-KOH, 50 mM potassium acetate, 4
mM MgSO4, 1 mM EGTA, 10 �M paclitaxel, and 1 mM dithiothreitol, pH
7.0; HG380, 5 �g/ml; microtubules, 0 �40 �M; temperature, 25 °C.

FIG. 2. a, purification steps of HG380. A 5.0% acrylamide gel shows
the sequential steps of purification of HG380. HSS, high-speed super-
natant of the cell extract. Elution-1–4, four fractions eluted from the
nickel-nitrilotriacetic acid beads with 250 mM imidazole. Input, mixture
of the eluted fractions and microtubules. MT sup and MT ppt, super-
natant and pellet fractions of the microtubule co-precipitation, respec-
tively. �ATP sup and �ATP ppt, supernatant and pellet fractions after
centrifugation of MT ppt resuspended in the presence of 10 mM MgATP,
respectively (see “Materials and Methods”). The purified HG380 frac-
tion (�ATP sup) was used for ATPase activity measurements and
motility assays. The arrow indicates the position of HG380. b, purifi-
cation steps of HG380�MT. A 5.0% acrylamide gel shows the sequential
steps of purification of HG380�MT. Most of the HG380�MT did not
co-precipitate with microtubules (MT ppt). The supernatant of the final
step (�ATP sup) was used for motility assays. The arrow indicates the
position of HG380�MT.

FIG. 3. a, schematic drawing of the motility assay system. Monoclonal
anti-GFP antibodies were fixed on the glass surface to selectively bind
the HG380 molecules through their GFP moiety. b, distribution of the
sliding velocities of microtubules driven by HG380. The majority (83%)
of microtubules smoothly slid on a glass surface covered with anti-GFP
antibodies (filled bars) with an average velocity of 1.2 � 0.3 �m/s (n �
83). When control IgG2a was used in place of the anti-GFP antibody
(open bars), only 18% of the microtubules slid at a much lower rate
(average velocity; 0.3 � 0.2 �m/s (n � 18)). For both cases, about 100
microtubules were counted. The microtubules that did not slide or slid
only occasionally for a short period of time were counted as non-motile
microtubules and are not displayed on this histogram. c, sequential
images of a polarity-marked microtubule driven by HG380. The thick
and curved end marks the minus-end. Bar, 10 �m.
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This result eliminated the possibility that the endogenous Dic-
tyostelium dynein that might be present in the HG380 prepa-
ration or the dynein that might be present in the brain tubulin
preparation drove the microtubule sliding. Thus, based on
these control experiments, we have established that the HG380
molecules were the motor proteins that drove the robust, mi-
nus-end-directed sliding of microtubules.

The HG380 protein had a high basal ATPase activity (4.4
s
1), which was further stimulated �15-fold on the addition of
40 �M microtubules (Fig. 4). By fitting the microtubule-acti-
vated activities measured in the presence of various concentra-
tions of microtubules with a hyperbola, the maximal ATPase
activity stimulated by microtubules (kcat) was calculated to be
160 s
1. The microtubule concentration needed for the half-
maximal stimulation (KMT) was 68 �M. Although this KMT

value seems to be unusually high compared with other MT-
based motor proteins, this value for HG380 was highly depend-
ent on ionic strength, implying that MT and HG380 are held
together in the presence of ATP by weak ionic interactions.

Both the basal and microtubule-activated ATPase activities
of this single-headed dynein were much higher than those
reported for the native two-headed cytoplasmic dyneins (23,
27). One reason for these high ATPase activities of HG380
could be that truncation of the stem tail leaves the single-
headed motor domain in an uncontrolled state because of the
loss of the other head, both of which could be kinetically cou-
pled in the dimeric molecule during their ATPase cycle. In this
context, it must be noticed that the recombinant heterodimeric
complex of Drosophila cytoplasmic dynein containing only a
single motor domain does not show the ATP-dependent MT-
binding characteristic of the wild-type cytoplasmic dynein, sug-
gesting that the functional coupling of two motor domains is
lost by truncation of one of them (28). Because it has been
shown that the conventional kinesin is in a folded and inhibited
state with low microtubule-activated ATPase activity and is
unfolded by truncation of the tail domain to exhibit a highly
stimulated microtubule-activated ATPase activity (29), we may
consider the possibility that the ATPase cycle of the motor
domain of cytoplasmic dynein is released from the suppressed
state by truncation of the stem tail.

In summary, we have established an easy and reproducible
method for generating recombinant dyneins with full motor
activities: the single-headed recombinant fragment HG380 re-
tains the ability to drive the robust sliding of microtubules and
exhibits high microtubule-activated ATPase activity.

Acknowledgments—We thank Dr. Peter J. Van Haastert (University
of Groningen) for providing the tetracycline-regulated expression sys-
tem. We also thank Kenya Furuta (University of Tokyo) for help in
developing the motility analysis program.

REFERENCES

1. Vallee, R. B., and Sheetz, M. P. (1996) Science 271, 1539–1544
2. Holzbaur, E. L., and Vallee, R. B. (1994) Annu. Rev. Cell Biol. 10, 339–372
3. King, S. M. (2000) J. Cell Sci. 113 (Pt 14), 2521–2526
4. Mocz, G., and Gibbons, I. R. (2001) Structure 9, 93–103
5. Vale, R. D. (2000) J. Cell Biol. 150, F13–19
6. Gee, M. A., Heuser, J. E., and Vallee, R. B. (1997) Nature 390, 636–639
7. Goodenough, U., and Heuser, J. (1984) J. Mol. Biol. 180, 1083–1118
8. Vallee, R. B., and Gee, M. A. (1998) Trends Cell Biol. 8, 490–494
9. Burgess, S. A., Walker, M. L., Sakakibara, H., Knight, P. J., and Oiwa, K.

(2003) Nature 421, 715–718
10. Mazumdar, M., Mikami, A., Gee, M. A., and Vallee, R. B. (1996) Proc. Natl.

Acad. Sci. U. S. A. 93, 6552–6556
11. Wang, Z., Khan, S., and Sheetz, M. P. (1995) Biophys. J. 69, 2011–2023
12. King, S. J., and Schroer, T. A. (2000) Nat. Cell Biol. 2, 20–24
13. Koonce, M. P., and Samso, M. (1996) Mol. Biol. Cell 7, 935–948
14. Samso, M., Radermacher, M., Frank, J., and Koonce, M. P. (1998) J. Mol. Biol.

276, 927–937
15. Koonce, M. P., Grissom, P. M., and McIntosh, J. R. (1992) J. Cell Biol. 119,

1597–1604
16. Blaauw, M., Linskens, M. H., and van Haastert, P. J. (2000) Gene 252, 71–82
17. Schlatterer, C., Knoll, G., and Malchow, D. (1992) Eur. J. Cell Biol. 58,

172–181
18. Franke, J., and Kessin, R. (1977) Proc. Natl. Acad. Sci. U. S. A. 74, 2157–2161
19. Koonce, M. P., and McIntosh, J. R. (1990) Cell Motil. Cytoskeleton 15, 51–62
20. Sloboda, R. D., and Rosenbaum, J. L. (1982) Methods Enzymol. 85 Pt B,

409–416
21. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254
22. Sullivan, K. F., and Kay, S. A. (1999) Methods in Cell Biology, Vol. 58, pp.

19–30, Academic Press, San Diego, CA
23. Shimizu, T., Toyoshima, Y. Y., Edamatsu, M., and Vale, R. D. (1995) Biochem-

istry 34, 1575–1582
24. Vale, R. D., and Toyoshima, Y. Y. (1988) Cell 52, 459–469
25. Paschal, B. M., Shpetner, H. S., and Vallee, R. B. (1987) J. Cell Biol. 105,

1273–1282
26. Koonce, M. P., and Tikhonenko, I. (2000) Mol. Biol. Cell 11, 523–529
27. Shpetner, H. S., Paschal, B. M., and Vallee, R. B. (1988) J. Cell Biol. 107,

1001–1009
28. Iyadurai, S. J., Li, M. G., Gilbert, S. P., and Hays, T. S. (1999) Curr. Biol. 9,

771–774
29. Hackney, D. D., and Stock, M. F. (2000) Nat. Cell Biol. 2, 257–260

Motility of a Single-headed Recombinant Dynein22802


