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ABSTRACT: Cytoplasmic dynein is a microtubule-based motor protein that is responsible for most
intracellular retrograde transports along microtubule filaments. The motor domain of dynein contains six
tandemly linked AAA (ATPases associated with diverse cellular activities) modules, with the first four
containing predicted nucleotide-binding/hydrolysis sites{P4). To dissect the functions of these multiple
nucleotide-binding/hydrolysis sites, we expressed and purietiyosteliumdynein motor domains in
which mutations were introduced to block nucleotide binding at each of the four AAA modules, and then
examined their detailed biochemical properties. The P1 mutant was trapped in a strong-binding state even
in the presence of ATP and lost its motile activity. The P3 mutant also showed a high affinity for
microtubules in the presence of ATP and lost most of the microtubule-activated ATPase activity, but
retained microtubule sliding activity, although the sliding velocity of the mutant was more than 20-fold
slower than that of the wild type. In contrast, mutation in the P2 or P4 site did not affect the apparent
binding affinity of the mutant for microtubules in the presence of ATP, but reduced ATPase and microtubule
sliding activities. These results indicate that ATP binding and its hydrolysis only at the P1 site are essential
for the motor activities of cytoplasmic dynein, and suggest that the other nucleotide-binding/hydrolysis
sites regulate the motor activities. Among them, nucleotide binding at the P3 site is not essential but is
critical for microtubule-activated ATPase and motile activities of cytoplasmic dynein.

Cytoplasmic dynein is an enormous complex composed modules that fold into a ring conformation to form a dynein
of two identical heavy chains (molecular mass>&00 kDa) head domain [see Figure 9,(10)]. Unlike the case in other
as well as several intermediate, light intermediate, and light motor proteins, the microtubule-binding region of dynein
chains and plays an essential role as a molecular motor fordoes not exist within the head domain but is located at the
chromosomal segregation, mitosis, and most intracellulartip of a highly elongated structure called a “stalk” that
retrograde transports along microtubulés-8). The heavy emerges from the AAA ring I(1—14). Although it has
chain is the central component of the dynein complex, whoserecently been proposed that swinglike motions of the stem
~1300 N-terminal residues constitute a “stem” domain and/or the stalk may be responsible for the directed sliding
responsible for dimerization of the heavy chains as well as of dynein along microtubules6—18), the molecular mech-
for binding of associating polypeptide chaing 6). The anism underlying the sliding motions of dynein still remains
remaining C-terminat~380 kDa segment of the heavy chain to be elucidated.
forms a motor domain that is responsible for most of the  Dynein utilizes ATP to slide along the cytoskeletal
motor activities of dynein such as ATP binding and hydroly- filament, like other molecular motors such as myosin and
sis, ATP-sensitive microtubule binding, and active sliding kinesin. However, the molecular mechanism of dynein for
toward the minus ends of microtubule$—@8). Recent coupling ATP binding and hydrolysis to generation of the
sequence alignments and electron microscopic studies havesliding motion is expected to be radically different from those
revealed that the motor domain contains six tandemly linked of other molecular motors, since dynein has unique structural
AAA! (ATPases associated with diverse cellular activities) and biochemical features (reviewed in ref§ and 17).
Myosin and kinesin have only a single ATPase site, and ATP
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Functional Analyses of the Four P-Loops in Dynein
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Ficure 1: Schematic representations of tBéctyosteliumcyto-
plasmic dynein heavy chain constructs used in this study. The amino

acid residue numbers of the dynein heavy chain are shown on the
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responsible for sliding of dynein along microtubule fila-
ments.

MATERIALS AND METHODS

Construction and TransformatioBxpression plasmids for
wild-type and P-loop mutants of th@ictyosteliumdynein
heavy chain were produced as follows. A DNA fragment
encoding the 380 kDa motor domain of tBéctyostelium
dynein heavy chain/j was excised from pHSG3MB38HG380
(8) with Kpnl and Sad digestion and ligated into thiépnl —

Sad sites of a pHSG3MB38HFG vector to create pHSG-
3MB38HFG380. The resulting plasmid contains an HFG380
gene consisting of a Higag, a FLAG tag, and a cDNA of
enhanced green fluorescent protein (GFP) followed in-frame
by the dynein 380 kDa gene. The HFG380 fragment was
then excised from the plasmid withllul digestion and
subcloned into thdlul site of an extrachromosomal vector
MB38 to create MB38HFG380 for tetracycline-regulated
expression iictyosteliumcells 29). Site-directed mutations

in the four P-loops were created using a QuikChange
mutagenesis kit (Stratagene, La Jolla, CA) according to the

bar representing its primary sequence. Wild-type and mutagenizedmanufacturer's instruction. To produce the P1 mutant, the
P-loops are represented by white and black boxes, respectively.codon for K1975 was changed to that for a threonine residue.
P-Loop sequences are given, and positions of mutations thereinThe P2 (K2277T), P3 (K2675T), P4 (K3017T), and P1/P3

are denoted with arrows pointing to the substituted amino acid
residue. The N-terminal His=LAG-GFP tag is represented by the
gray ovals. For comparison, the full-length 540 kDa dynein heavy
chain is shown at the top. Predicted domain structures of the
products are shown at the right. Six AAA modules in the motor

(K1975T/K2675T) mutants were similarly constructed.
Dictyosteliuncells used for expression of the dynein genes

are derived from the Ax2 strain, in which the expression of

a target gene is strongly suppressed if tetracycline is added

domain are numbered, and the AAA modules containing mu- tg the culture medium29). The plasmid carrying the wild-

tagenized P-loops are shown in black. It should be noted that each

of the first four AAA modules (+4) contains a P-loop (P1P4),
whereas the other two AAA modules (5 and 6) do not contain this
signature sequence.

sequence analysis, it has been shown that an axonemal dynei
contains four different ATP-binding sites per heavy chain
(24). Thus, questions about which ATPase site(s) is primarily
responsible for powering the sliding of dynein along micro-
tubule filaments and the functions of these multiple nucleo-
tide-binding/hydrolysis sites arise.

type HFG380 or the P-loop mutant of HFG380 gene was
introduced into theDictyosteliumcells by electroporation,
and transformed cells were selected in HL-5 medium
supplemented with 18g/mL blasticidin S, 1Qeg/mL G418,
and 10ug/mL tetracycline on culture dishes for 1 week.
Fluorescence MicroscopyVhen the transforme®icty-
osteliumcells were grown semiconfluently in the medium
supplemented with the antibiotics described above on culture
dishes, the medium was replaced with one without tetracy-
cline to induce the expression of the recombinant dynein.

Previous studies on the dynein heavy chains have providedAfter being incubated for an additional24 h, the cells were

several clues about the functions of these multiple nucleotide-
binding/hydrolysis sites in the AAA modules. Kinetic

transferred to glass-bottom dishes and incubated until they
adhered to the dishes. The cells were fixed with 4%

analyses of an axonemal dynein have suggested that theréormaldehyde in 15 mM PIPES-KOH (pH 7.0) and 2 mM

is a single ATPase site per heavy chad®)( On the basis
of UV-vanadate photocleavage experime@) (it is widely

MgCl, for 10 min at room temperature, permeabilized with
70% ethanol for 5 min at-20 °C, and washed with PBS.

accepted that this ATPase site resides in the first AAA After being blocked with 3% BSA in PBST for 15 min, the
module of the dynein heavy chain. Very recently, it has been cells were incubated fol h with an anti-tubulin antibody
shown thatin zizo functions of theDrosophilaand yeast (DM1A, Sigma, St. Louis, MO) diluted 1:300 in PBST
cytoplasmic dynein were impaired by P-loop mutations in containing 3% BSA. After being washed with PBS, the cells
the first or third AAA module, and the mutations resulted were incubated fol h with a goat anti-mouse IgG coupled
in an ATP-insensitive microtubule binding of the proted,( to tetramethylrhodamine isothiocyanate (Jackson Laborato-
28). ries, West Grove, PA) diluted 1:500 in PBST containing 3%
The aim of this study was to elucidate further the functions BSA. The cells were then washed with PBS and analyzed
of the nucleotide-binding/hydrolysis sites in the four AAA  with a TE300 fluorescence microscope (Nikon, Tokyo,
modules of the dynein heavy chain by detailed biochemical Japan) equipped with a CSU-10 real-time confocal micro-
analyses. To achieve this, we expressed and purified P-loopscope system (Yokogawa, Tokyo, Japan).
mutants of theDictyostelium dynein heavy chain and Protein Preparation.The transformed cells were grown
investigated their ATP hydrolysis and microtubule sliding at 22°C with shaking until the cell density reached x
activities as well as thein vivo subcellular localization and ~ 10° cells/mL. The medium was then replaced with one
microtubule binding properties. Our results provide direct without tetracycline to induce the expression of the recom-
biochemical evidence that these four nucleotide-binding/ binant dynein. After being cultivated for an additiona24
hydrolysis sites have distinct functional roles in the activities h, the cells were harvested by centrifugation. Approximately
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Ficure 3: Purification of wild-type HFG380 and its P-loop mutants.
Samples from each purification step of wild-type HFG380 were
resolved by SDSPAGE and stained with CBB (left): lane 1, high-
speed supernatant of the cell lysate; lane8 Xour fractions eluted
from the Ni-NTA agarose with 250 mM imidazole; lane 6,
unbound fraction after incubation with FLAG-M2 affinity gel; lanes
7-9, three fractions eluted from FLAG-M2 affinity gel with 200
ug/mL FLAG peptide; and lanes 12, 35600@ supernatants of
the eluted fractions. A CBB-stained SB8AGE gel of purified
wild-type HFG380 and its P-loop mutants is shown (right): lane
13, a preparation from cells transformed with the empty vector;
and lanes 1419, purified wild-type HFG380 and P1P4 and P1/
P3 mutants, respectively. The numbers at the left denote the
positions of the molecular mass markers.

mM ATP (pH 7.0)] supplemented with 10 mM imidazole.
The cell lysate was centrifuged at 24@0@r 20 min, and
then the supernatant was centrifuged further at 1836060

60 min. The resulting high-speed supernatant was mixed with
2 mL of nickel nitrilotriacetic acid (NirNTA) agarose
(Qiagen, Hilden, Germany) in a conical tube on a rotating
wheel for 1 h. After the resin had been washed with PMG
buffer supplemented with 20 mM imidazole, the adsorbed
proteins were eluted four times with PMG buffer supple-
mented with 250 mM imidazole. The eluted fractions were
mixed and loaded onto a PD-10 desalting column (Amersham
Biosciences, Piscataway, NJ) to replace the solvent with
PMEGS buffer [100 mM PIPES-KOH, 150 mM NaCl, 4 mM
MgCl,, 5 mM EGTA, 0.1 mM EDTA, 0.9 M glycerol, 1
mM DTT, 10 ug/mL chymostatin, 1(:g/mL pepstatin, 50
ug/mL leupeptin, 500uM PMSF, and 0.1 mM ATP (pH
7.0)]. The eluate was mixed with 0.5 mL of FLAG-M2
FIGURE 2: Expression and subcellular localization of wild-type affinity gel (Sigma) in a conical tube on a rotating wheel
HFG380 and its P-loop mutants Dictyosteliumcells. (A) Cells for 1 h. After the resin had been washed with PMEG30 buffer
transformed with the plasmid encoding wild-type HFG380 (WT) [30 mM PIPES-KOH, 4 mM MgGl 5 mM EGTA, 0.1 mM

or its P-loop mutant (P1P4) were cultured in the medium with ;
(+) or without (-) tetracycline (Tc). The whole cell lysates were EDTA, 0.9 M glycerol, 1 mM DTT, 1Q:g/mL chymostatin,

resolved by SDSPAGE and stained with CBB. The positions of 10 #9/ML pepstatin, 5Q:g/mL leupeptin, S0M PMSF,

HFG380 and a 225 kDa molecular mass marker are given at theand 0.1 mM ATP (pH 7.0)], the recombinant dynein was
left. (B) Representative images of the cells expressing wild-type eluted three times with PMEG30 buffer supplemented with
HFG380 (a-c) or the P1 (&), P2 (g-i), P3 (j-I), or P4 (m-o) 200 ug/mL FLAG peptide (Sigma). The eluates were

mutant of HFG380. They were fixed and observed under a . .
fluorescence microscope. The GFP fluorescence showed thecentnfuged at 3560@pfor 15 min, and the supernatant was

localization of the HFG380 dyneins (a, d, g, j, and m). Microtubules Used for further study. The purified proteins were stored on
were visualized with a monoclonal anti-tubulin antibody (b, e, h, ice and used within 3 days. The purity of the recombinant

k, and n). The corresponding overlaid images are also shown (¢, f, dynein was examined by 5 or20% SDS-PAGE with
I, 1, and o). The bar is m long. Coomassie Brilliant Blue (CBB) staining (Simply Blue
SafeStain, Invitrogen, Carlsbad, CA) (Figure 3). From 30 g

each preparation. The following purification procedure was ©f Wet cells, 156-300 ug of the recombinant dynein was
carried out at 4°C or on ice. The cells were lysed with ©oPtained.

sonication in an equal volume of PMG buffer [100 mM Tubulin was purified from porcine brains as described
PIPES-KOH, 4 mM Mg, 0.1 mM EGTA, 0.9 M glycerol, previously B0). Protein concentrations were determined by
1 mM S-mercaptoethanol, 19g/mL chymostatin, 1Q:g/ the Bradford method (Coomassie protein assay reagent,
mL pepstatin, 5Qtg/mL leupeptin, 50«eM PMSF, and 0.1 Pierce, Rockford, IL) using BSA as a standard as described

30 g of wet cells harvested fino 2 L of culture was used for
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previously ). The microtubule concentration is expressed
as the tubulin dimer concentration in all cases in this study.
Vanadate-Mediated Photocleage. Vanadate-mediated
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method with some modification8), Assays were performed
at 25°C in the ATPase assay buffer without DTT. The assay
chamber was sequentially coated with streptavidin (1 mg/

photocleavage was performed essentially as described previmL), protein G-biotin (1 mg/mL), an anti-GFP monoclonal

ously 26). Purified dynein (0.25M) in PMEG30 buffer
was supplemented with 1 mM ATP and 1@®1 sodium
vanadate and irradiatedrfd h on icewith UV light (365
nm) from a distance of1 cm. The photocleavage products
were analyzed by SDSPAGE with CBB staining. Western
blotting was carried out by the standard method with an anti-
GFP antibody (Clontech, Palo Alto, CA) and a goat anti-
rabbit IgG (Amersham Bioscience). An ECL plus system

antibody (125«g/mL, 3E6, Qbiogene, Carlsbad, CA), and
BSA (10 mg/mL) by repeating the following three steps:
perfusion of the protein into the chamber, incubation for 3
min, and washing of the chamber with 3 chamber volumes
of the assay buffer. The purified dyneiy@.4uM) was then
added into the chamber twice at 5 min intervals. After being
washed with the assay buffer, the chamber was filled with
the assay buffer containing paclitaxel-stabilized microtubules

(Amersham Bioscience) was used to detect immunoreactive(0.3 uM tubulin dimers) and incubated for 3 min. Finally,

electrophoretic bands on the blots.

Microtubule Binding AssayPurified dynein (0.2«M) in
PMEG30 buffer was mixed with paclitaxel-stabilized mi-
crotubules (1Q«M tubulin dimers) and paclitaxel (46M)

the chamber was washed, and then filled with the assay
buffer containing 1 mM ATP to initiate microtubule sliding.
Microtubules were observed under a BX51 dark-field
microscope (Olympus, Tokyo, Japan) equipped with & 40

in the absence or presence of 10 mM ATP. The mixture was objective lens. The image was projected onto an ICD-6100

incubated for 10 min at 28C and centrifuged at 250090
for 10 min at 25°C. The supernatant was saved, and the

highly sensitive charge-coupled device camera (lkegami,
Tokyo, Japan), contrast-enhanced with an Argus-20 image

pellet was resuspended in the same volume of PMEG30processor (Hamamatsu Photonics, Hamamatsu, Japan), and
buffer. Both supernatant and pellet fractions were run on a recorded with an S-VHS VTR. The recordings were digitized

SDS-PAGE gel, and stained with CBB.
Measurements of Basal and Microtubule-Aated ATPase
Activities. Basal and microtubule-activated ATPase activities

and analyzed. As for the wild type, andPR4 mutants, the
sliding of microtubules was monitored for 2080 s so that
microtubules moved at least/&m. As for P1 mutant, the

were measured using an EnzChek phosphate assay kitmovements of microtubules were followed for 180 s. At least

(Molecular Probes, Eugene, OR) in a total volume of 150
uL at 25 °C. Purified dynein (1525 nM) and various
concentrations of paclitaxel-stabilized microtubules-40

uM tubulin dimers) were mixed in assay buffer [10 mM
PIPES-KOH, 50 mM potassium acetate, 4 mM MgSO
mM EGTA, 10 uM paclitaxel, and 1 mM DTT (pH 7.0)]
supplemented with 1 unit/mL purine nucleoside phospho-
rylase and 0.2 mM 2-amino-6-mercapto-7-methylpurine
riboside, and incubated for 2 min at 2&. The reaction
was started by addition of ATP and continuously monitored
by the absorbance at 360 nm for 5 min. For determination
of steady state kinetics as a function of the microtubule

concentration expressed as the tubulin dimer concentration

ATP was used at a saturating concentration of 1 mM. For
determination ofK,(ATP), a constant concentration of
microtubules (1Q«M tubulin dimers) and various concentra-
tions of ATP (0-2 mM) were used. The ATPase assay was
repeated three times with at least two different dynein

preparations. The ATPase rates were calculated from fits to
the linear part of the time traces. As controls, the rates of
phosphate release from various amounts of microtubules
alone without dynein were determined. The values were

two independent preparations were analyzed for each mutant.
We performed control assays using a preparation from
Dictyosteliumcells transformed with an empty vector, and
found that few microtubules attached to the chamber surface,
and that their movements were not detected under our assay
conditions.

RESULTS

Construction of P-Loop Mutanté&ach of the first four
AAA modules of the dynein heavy chains contains a highly
conserved nucleotide-binding motif (P-loop, or the Walker-A
motif), i.e., Pt-P4, whose consensus sequence is GXXGX-
'‘GKT/S. To investigate the functions of the nucleotide-
binding/hydrolysis sites in the four AAA modules, the most
conserved lysine residue in each of the P-loops was replaced
with threonine to generate mutant dyneins (Figure 1). From
the many previous mutational studies of P-loops in the
Walker-type ATPases, including the AAAsuperfamily
proteins, this type of mutation was predicted to block
nucleotide binding at these site32(-35).

In this study, we used the 380 kDa motor domain of the

subtracted from the observed ATPase rates in the presenc®ictyosteliumdynein heavy chain7) fused with an N-
of the dyneins, although they were less than 7% of the dynein terminal His-FLAG-GFP tag as the wild type (HFG380).
ATPase activities even at the highest microtubule concentra- The K-to-T mutations described above were introduced into

tions that were examined. Th&,(MT) and k., values were
obtained from fitting curves based upon the equakign=
(Keat — kpasa)[tubulin dimer])/[Kn(MT) -+ [tubulin dimer]] +
Koasar Wherekops and kpasaiare observed and basal ATPase
rates, respectively. The contaminating ATPase activity in our

HFG380 to generate four mutants (Figure 1). Although
another mutation from GK to AS was also introduced in each
of the P-loops, the effects of these mutations onitth& vo
andin vitro properties of HFG380 were very similar to those
of the K-to-T mutations (data not shown). Therefore, only

preparations besides the recombinant dynein was estimatedhe K-to-T mutations are described and discussed hereafter.
by measuring the ATPase rates in a preparation from Expression and Subcellular Localization of Wild-Type

Dictyosteliumcells transformed with an empty vector, which

was below the level of detection under our assay conditions.

In Vitro Motility Assay. Inwuitro motility assays were
carried out as described previousBA) using a flow chamber

HFG380 and Its P-Loop Mutants in Dictyostelium Cells.
Before isolating and characterizing the P-loop mutants of
HFG380, we first examined thein vivo subcellular local-
ization by using the N-terminal GFP as a fluorescence
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Ficure 4: Effects of P-loop mutations on the vanadate-mediated BB0 -

photocleavage of HFG380. (A) Purified wild-type HFG380 (WT)

or its P-loop mutant (P2P4) was incubated with 1 mM ATP and

100 uM vanadate fo 1 h on ice in theabsence ) or presence

(+) of UV irradiation, and analyzed by SBFAGE with CBB . o-ev-a

staining. The numbers at the left are the positions of the molecular b ¢ @-dsew

mass markers. (B) The appearance of the N-terminal fragments wasFicure 5: Effects of P-loop mutations on microtubule binding of

followed by Western blotting with an anti-GFP antibody. For each HFG380. Purified wild-type HFG380 (a) or the P1 (b), P2 (c), P3

wild-type or mutant dynein, we performed the cleavage experiment (d), or P4 (e) mutant of HFG380 was precipitated with) (or

three times with two independent preparations, and obtained similarwithout (—) paclitaxel-stabilized microtubules (MTs) in the absence

results. Representative results are shown. (C) Locations of cleavagg—) or presence+) of ATP and analyzed by SDSPAGE with

sites in HFG380 predicted from the size of the fragments generatedCBB staining: |, initial mixture of the dynein and microtubules;

by the vanadate-mediated photocleavage reaction. S, supernatant after precipitation; and P, pellet after precipitation.
The positions of HFG380 (380) and tubulin (Tu) are indicated at

marker. Since constitutive expression of some of the mutantstcf;ep:ggi-pﬁggoenachggg;)gﬁ %rfggtatm ggnvili?ﬁ V;/viopei;fgggggdgi

was noticed to be unstable mlc.tyOSte“umce”S’ we used preparations, and obtained similar results. Representative results

the Tet-off systemZJ9) to transiently express these GFP- e shown.

tagged mutants. Twenty-four hours after induction of the

expression by removal of tetracycline from the culture shown that the 380 kDa motor domain of the dynein heavy
medium, all of the recombinant proteins were expressed atchain, as well as the full-length heavy chains in the dynein
similar levels as revealed by SBEAGE (Figure 2A). After  complex, is cleaved at the P1 site by UV irradiation in the
fixing the cells, we examined the subcellular localization of presence of ATP and vanadaté, (7, 20, 21, 26). This

the mutant dyneins by fluorescence microscopy. Wild-type cleavage reaction is a hallmark of ATP binding and its
HFG380 as well as P2 and P4 mutants showed a diffusenydrolysis at the P1 site36). To determine whether the
distribution throughout the cytoplasm (Figure 2B, panels capacity to bind and hydrolyze ATP at the P1 site remained
a—c, g—i, and m-o). As for the P4 mutant, partial colocal- ntact in the P-loop mutants, we performed UV-vanadate
ization of the mutant with microtubules was also observed. photocleavage of the purified HFG380 proteins. When wild-
In contrast, P1 and P3 mutants exhibited clear fibrous tyne HFG380 was subjected to the reaction, the protein was
colocalization with microtubule filaments (Figure 2B, panels leaved into the N-terminal 100 kDa and C-terminat300

d_f and ]_I) The reSUItS Suggest that the P1orP3 mutation kDa fragments as revea|ed by SBBAGE and Western

in the dynein heavy chain increases the affinity of the protein blotting (Figure 4A,B, WT). The result showed that the
for microtubules undein vivo conditions. cleavage occurred at the P1 site as expected (Figure 4C).

Purification of Wild-Type HFG380 and Its P-Loop Mu- \when the P1 mutant was subjected to UV photocleavage,
tants. For biochemical characterization, we purified wild- the N-terminal~220 kDa and C-terminak200 kDa frag-
type HFG380 and its P-loop mutants. In a previous report, ments were produced in place of thel00 and~300 kDa
we isplated another type of recombingnt 380 kDa motor fragments (Figure 4A,B, P1). As judged from the size of
domain (HG380) by using the sequential steps of; thg) the fragments that were produced, the new photocleavage
affinity and coprecipitation with microtubule8)( However,  sjte was located possibly close to the P4 site (Figure 4C).
this method was not suitable for purification of the P-loop Thys, the result suggests that the P1 mutant lost the capacity
mutants because some Qf them were not released foectlvelyfo bind or hydrolyze ATP at the P1 site but gained the
from microtubules even in the presence of ATP (Figure 5). sysceptibility to cleavage at the new site. As for the P2 and
Therefore, we used FLAG-M2 affinity for the second pg mutants, the cleavage patterns were the same as that of
purification step in this study. After the first Histag  the wild type (Figure 4A,B, P2 and P4), indicating that the
purification step, extra bands besides the ma#00 kDa  ATP pinding and its hydrolysis occurred at the P1 site of
band corresponding to the fusion of GFP and the 380 kDa these mutants. UV photocleavage of the P3 mutant generated
dynein heavy chain on an SDS gel remained (Figure 3, lanesipe two sets of fragments (100 kD& 300 kDa and 220
2—5). These extra bands were eliminated by the secondipa + 200 kDa) (Figure 4A,B, P3). The fragments in the
FLAG tag affinity step (Figure 3, lanes—®). After ultra- former set (100 kDat+ 300 kDa) correspond to those
centrifugation of the eluted fractions, the supernatant was generated by cleavage at the P1 site of HFG380, and the
used for further studies (Figure 3, right panel). fragments in the latter one (220 kD& 200 kDa) are

UV Cleavage of Wild-Type HFG380 and Its P-Loop equivalent to those produced by cleavage of the P1 mutant.
Mutants in the Presence of ATP and Vanadétéas been Therefore, the result indicates that the P3 mutant maintained
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the capacity to bind and hydrolyze ATP at the P1 site and A B

suggests that the mutant also gained the susceptibility to

cleavage at the same new site as the P1 mutant. * r ; :
Coprecipitation of Wild-Type HFG380 or Its P-Loop

Mutant with Microtubules.To determine if the P-loop
mutations affected ATP-sensitive binding of the dynein heavy
chain to microtubules, we performed coprecipitation of wild- % e
type or mutant HFG380 with microtubules in the presence (tubuln dimer] (M) (tubulin dimer] (:M)

or absence of ATP. After precipitation of microtubules, the C D
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amounts of bound and unbound HFG380s were determined 25 6

by SDS-PAGE as shown in Figure 5. As expected, most of ~20 =5

the purified wild-type HFG380 precipitated with microtu- §1s 2!

bules in the absence of ATP, whereas approximately two- g 10 g:

thirds of the molecules were in the unbound state in the g s £,

presence of ATP. "5 2 % 4 75 o 0 w0 4
As for the P1 mutant, the majority precipitated with (tubulin dimer] (uM) (tubulin dimer] (uM)

microtubules in the presence as well as in the absence of E F

ATP. The result indicates that the P1 mutation resulted in a s 6

strong binding of the HFG380 protein to microtubules _ ° {nﬁ——A—*—(

irrespective of ATP concentrations. This ATP-insensitive e 2t

strong binding to microtubules is consistent withvivo P §Z

subcellular localization of the P1 mutant (Figure 2B). The §1 §1

P3 mutant also showed the ATP-insensitive coprecipitation o 0

with microtubules such as the case of the P1 mutant, o ¢ 10 2 804

consistent again with itén vizo subcellular localization fubul dmer] G4 _ fuoutin dimer] (41 _

(Figure 2B). Ficure 6: Effects of P-loop mutations on the basal and microtu-

. s bule-activated ATPase activities of HFG380. Steady state ATPase
The P2 and P4 mutants exhibited coprecipitation patterns ates of wild-type HFG380 (A) or the P1 (B), P2 (C), P3 (D), P4

different from those of the other two mutants. Even in the (E), or P1/P3 (F) mutant of HFG380 were measured as a function
absence of ATP, these mutants bound to microtubules ratherof the microtubule concentration expressed as the tubulin dimer
weakly as revealed by the presence of unbound mutantconcentration. Each dot is an average value of three independent

. . measurements. Error bars give the standard deviation. Solid lines
proteins. In the presence of ATP, approximately half of the are the fitting curves based upon the equakign= (Keat — Kossa)-

input proteins remained bound to microtubules. Because of [tubulin dimer)/Kn(MT) + [tubulin dimer]] + Kpasar According to
the ambiguity in the behavior of the P2 and P4 mutants, it the analysisk., and K (MT) values were obtained as shown in
is difficult to determine the effects of these mutations on Table 1.

microtubule binding properties of HFG380, although the
results of the coprecipitation assay were reproducible underTable 1: Summary of ATPase Kinetics of the Wild Type and
our assay conditions (see the figure legend). P-Loop Mutants

Basal and Microtubule-Actated ATPase Adtities of microtubule-activated ATPase
Wild-Type HFG380 and Its P-Loop Mutants/e measured basal ATPase Keat Kn(MT)  Kn(ATP)?
the basal and microtubule-activated ATPase activities of (s (s (uM) (uM)
purified wild-type HFG380 and its P-loop mutants (Figure HFG380 5.7+ 0.7 120.3+6.0 31.1+3.0 18+2
6 and Table 1). The basal ATPase activity of HFG380 (5.7 E% gﬁ 8-}1 3?)'?3),1 (1)-8 zglgi 2-8 %gi ?1

—1 H 1 . . . . . .
s 1) was activated more than 10-fold on additiore4 mg/ P3 59+ 0.6 56+01 15t02 38+

mL microtubules (4Q«M tubulin dimers). The microtubule- P4 0.9+ 0.0 51+ 01 120+09 20+ 2
activated ATPase activities (the total ATPase activity minus p1/p3 3.6:0.3 47400 02+0.0 nd

the basal _aCt'V'ty) of HFG380 at_ var_ylng m'crOtUbu!e aKm(ATP) was calculated from the ATPase rates in the presence of
concentrations expressed as tubulin dimer concentrationsmicrotubules (1M tubulin dimers).> Not determined.

were fitted well with a MichaelisMenten equation that

assumed microtubules as pseudosubstrates (Figure 6A). Th : .
ket value, i.e., the maximally activated ATPase activity at fhe wild type, particularly for the P4 mutant. The basal rates

an infinite concentration of microtubules, was calculated to of the P2 and P4 mutants were 2.1 and 0.9 espectively,
be 120 si. The Kn(MT) value, ie., the microtubule whereas that of the wild type was 5.715T7hekcatvalu¢s of
concentration at the half-maximal ATPase activity, was 31 the P2 and P4 mutants were 30 and 5i1 sespectively,
4M (Table 1). whereas that of the wild type was 120'sThese results

As far as the patterns of microtubule-activated ATPase indicate that the P2 or P4 mutation reduced the ATPase rates
of HFG380 without affecting its apparent affinity for

activities are concerned, the P-loop mutants are grouped into~" X
two types. The P2 and P4 mutants exhibited microtubule Microtubules in the presence of ATP.

activation patterns similar to that of the wild type (Figure  The P1 and P3 mutants exhibited microtubule activation
6C,E). TheK(MT) values of these mutants as well as that patterns clearly different from that of the wild type (Figure
of the wild type were in the range of @5 uM (Table 1). 6B,D). Both retained rather high basal activities3(s;
However, the basal and microtubule-activated ATPase activi- ~50% of the wild-type rate), but lost most of the microtu-
ties of the mutants were significantly lower than those of bule-activated ATPase activities (Table 1). Moreover, the
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15 Our results showed that the P1 mutant lost its microtubule
| sliding activity and was trapped in a strong-binding state even
in the presence of ATP. It is generally accepted that P1 is
the primary ATPase site of the dynein heavy chain. This
was first proposed on the basis of the UV-vanadate cleavage
0.51 experiments Z6): the photocleavage of the dynein heavy
chain at the P1 site correlated well with loss of its ATPase
N activity. Recent studies have shown that the P1 mutation in
wr Pt P2 P3 P4 the rat,Drosophilg or yeast cytoplasmic dynein heavy chain
FiGURE 7: Effects of P-loop mutations on the microtubule sliding caused a rigor-like microtubule binding of the mutant dynein

activity of HFG380.In vitro motility assays were performed to e : ; ;
examine the microtubule sliding activity of purified wild-type ~2nd 10SS of itsn zivofunctions (2, 27, 28). Our biochemical

HFG380 (WT) or its P-loop mutants (PP4). Measurements were ~ data for the P1 mutant are consistent with these previous
taken with 22-34 microtubules to obtain an average velocity for reports and directly demonstrate that ATP binding and its

the preparation. Error bars give the standard deviation. hydrolysis only at the P1 site are essential for the motile
activity of cytoplasmic dynein.

The P1 mutation, however, did not result in a complete
loss of ATPase activity, and the mutant still retained a high

Velocity (um/s)

Km(MT) values of these mutants (0.2 and 449 for the P1
and P3 mutants, respectively) were more than 20-fold lower

than that of the wild type (3&M), indicating that apparent level of basal ATPase activity. It is unlikely that this mutation

affinities of the mutants for microtubules were considerably . o .
high even in the presence of ATP. The results are consistent/aS 1€aky, and did not completely inhibit the ATP hydrolysis
at the P1 site, considering our observation that the UV-

with the observation that the P1 and P3 mutants showed an : ,
ATP-insensitive strong binding to microtubules (Figure 5). vanadate cleavage at the site was completely blocked in the

A double mutant of P1 and P3 (P1/P3) also exhibited a P1 mutant. Therefore, the results suggest a possibility that,

microtubule activation pattern similar to those of the P1 and Zis;\des gll thefrethls gnotherhATPaSﬁ §|te(ss) n Stﬁmif/fptge
P3 single mutants (Figure 6F). It should be noted that not modules ot the dynein heavy chain. since the

only the microtubule activation patterns but also the values double m“t_a!".t retglr_led basal and mlcrotubule-a}ctwated
of the ATPase activities of the P1, P3, and P1/P3 mutants1Pase activities similar to those of the P1 mutant, it seems
were close to one another (Table 1). The effects of the P1 unlikely that the third AAA module is mainly responsible

or P3 mutation on the ATPase activities of HFG380 are for the remaining ATPase activity of the P1 mutant.
discussed in the Discussion. Therefore, the second and/or fourth AAA modules of the

Microtubule Sliding Actiities of Wild-Type HFG380 and dynein heavy chain may have this ATPase activity. In this
Its P-Loop MutantsWe examined the motility of microtu- context, it should be noted that the UV-vanadate treatment

bule filaments on the purified wild-type HFG380 and its generated a pair of products cleaved possibly close to the

P-loop mutants (Figure 7). Wild-type HFG380 drove sliding P4 site when the P1 or P3 mutation was introduced.
of microtubule filaments at an average rate of /s, Like the P1 mutant, the P3 mutants also exhibited high
whereas the P2 and P4 mutants drove the sliding at rates ofaffinity for microtubules even in the presence of ATP as
0.9 and 0.5um/s, respectively. The P3 mutant also retained revealed by itsn vizo subcellular localization and micro-
the microtubule sliding activity, although the sliding velocity tubule binding properties of the purified mutant protein,
of the mutant (0.0xm/s) was more than 20-fold slower than which is consistent with previous reports on P3 mutants of
that of the wild type. The results indicate that nucleotide Drosophila and yeast cytoplasmic dynein&7( 28). Our
binding at the P2, P3, or P4 site is not essential for the sliding ATPase data for the P3 mutant showed that KgMT)
of dynein along microtubule filaments. Unlike the cases of value of the mutant was more than 20-fold lower than that
these mutants, the sliding of microtubule filaments was not of the wild type, reflecting the high affinity of the mutant
detected on the P1 mutant-coated chamber surface under ougrotein for microtubules in the presence of ATP, and that
assay conditions, indicating that ATP binding and its the mutant lost most of microtubule-activated ATPase
hydrolysis only at the P1 site are essential for the driving of activity. These results indicate that the function of the P3
the sliding of microtubule filaments by dynein. site is critical for ATP-induced release of dynein from
microtubules and for microtubule-induced activation of
DISCUSSION ATPase activity. However, the P1 site of the P3 mutant was

Unlike other motor proteins, dynein contains four nucleo- cleaved by the UV-vanadate treatment, suggesting that ATP
tide-binding/hydrolysis sites in its motor domain, and previ- hydrolysis at the primary ATPase site was not blocked by
ous reports showed that nucleotide binding and/or hydrolysisthe P3 mutation. Furthermore, the P3 mutant retained
at several of the sites was required fior vivo dynein microtubule sliding activity, although the sliding rate of the
functions and for ATP-induced release of dynein from mMmutant was more than 20-fold slower than that of the wild
microtubules 12, 27, 28). However, participation of each type. Taken together, these results suggest that the P3
of the nucleotide-binding/hydrolysis sites in dynein’s motile mutation does not completely block the ATPase activity at
activities has not been directly evaluated. This report containsthe P1 site but slows the ATPase cycle at strong-binding
the first biochemical demonstration of the functional sig- step(s) in such a way that the mutant molecules accumulate
nificance of the multiple nucleotide-binding/hydrolysis sites at strong-binding state(s) during the steady state ATP
in dynein’s motor activities such as microtubule sliding and hydrolysis. Therefore, it is likely that the nucleotide binding
ATPase activities by using the purified dynein mutants. or hydrolysis at the P3 site should increase the microtubule-
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activated ATPase activity at the P1 site and, as a conse-
quence, markedly promote the microtubule sliding activity.
Similar highly cooperative behaviors of multiple ATPase
sites have been observed in several hetero-oligomeric AAA
complexes (reviewed in ref6).

Our biochemical analyses of the P4 mutant predict that
this site has a regulatory role in the motile activity of
cytoplasmic dynein. The function of the P4 site is not
required for the sliding of dynein along microtubules as
revealed by thein uitro motility assay: the P4 mutant
exhibited microtubule sliding activity at50% of the wild-
type rate. However, the P4 mutant showed only a low level
of the microtubule-activated ATPase activity; thg: value
of the mutant was 5.1°8, whereas that of the wild type was
much higher (1208). These results suggest that nucleotide
binding at the fourth AAA module may ensure maximum
stimulation of microtubule-activated ATPase activity through
an effective coupling between the microtubule-binding site
located next to the fourth AAA module and the primary
ATPase site in the first AAA module. Since the ratio of the
keat Value to the sliding velocity is a function of the duty
ratio of the ATPase cycle and the step sSi&¥)( the
modulation of the ATPase cycle at the P1 site induced by
the nucleotide binding at the P4 site might be related to the
“ATP-regulated gear” that senses force on dynein and
modulates its step size on microtubule filamerg8)(

Since the P2 mutation generated the mildest phenotypic
changes in HFG380, it is very likely that the function of the
nucleotide-binding/hydrolysis site in the second AAA module
is dispensable for the motor activities of cytoplasmic dynein.

In summary, on the basis of biochemical analyses of
P-loop mutants, we have provided direct evidence that
multiple nucleotide-binding/hydrolysis sites in the four AAA
modules of the dynein heavy chain have distinct functions
in the motor activities of cytoplasmic dynein. The first AAA
module has the primary ATPase site, where ATP hydrolysis
is markedly stimulated by microtubules and powers sliding
of dynein along microtubule filaments, as previously claimed
(12, 27, 28, 36). The nucleotide-binding/hydrolysis site in
the third AAA module is not essential but is critical for
generation of sliding motions, possibly through tight modula-
tion of the ATPase cycle at the primary ATPase site. The
second and/or the fourth AAA module(s) may have ATPase
site(s), whose activities are not markedly stimulated by
microtubules and are not required for the motor activities.
Among them, the nucleotide-binding/hydrolysis site in the
fourth AAA module seems to play a regulatory role by
modulating the efficiency of coupling between the micro-
tubule-binding site and the primary ATPase site.
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