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Abstract. Cytoplasmic dynein is a minus end-directed 
microtubule motor that performs distinct functions in 
interphase and mitosis. In interphase, dynein transports 
organelles along microtubules, whereas in metaphase 
this motor has been implicated in mitotic spindle for- 
mation and orientation as well as chromosome segrega- 
tion. The manner in which dynein activity is regulated 
during the cell cycle, however, has not been resolved. In 
this study, we have examined the mechanism by which 
organelle transport is controlled by the cell cycle in ex- 
tracts of Xenopus laevis eggs. Here, we show that pho- 
tocleavage of the dynein heavy chain dramatically in- 
hibits minus end-directed organelle transport and that 
purified dynein restores this motility, indicating that dy- 
nein is the predominant minus end-directed membrane 
motor in Xenopus egg extracts. By measuring the 

amount of dynein associated with isolated membranes, 
we find that cytoplasmic dynein and its activator dynac- 
tin detach from the membrane surface in metaphase ex- 
tracts. The sevenfold decrease in membrane-associated 
dynein correlated well with the eightfold reduction in 
minus end-directed membrane transport observed in 
metaphase versus interphase extracts. Although dynein 
heavy or intermediate chain phosphorylation did not 
change in a cell cycle-dependent manner, the dynein 
light intermediate chain incorporated ~12-fold more 
radiolabeled phosphate in metaphase than in inter- 
phase extracts. These studies suggest that cell cycle- 
dependent phosphorylation of cytoplasmic dynein may 
regulate organelle transport by modulating the associa- 
tion of this motor with membranes. 

variety of membranous organelles in the cytoplasm 
are transported along a polarized microtubule ar- 
ray to specific destinations within the cell. The 

complexity of this membrane traffic must require precise 
means of regulating both the levels and directionality of 
such microtubule-based motility. Physiological regulation 
of organelle transport has been demonstrated most clearly 
in fish chromatophores, where a cAMP-dependent kinase 
pathway (Lynch et al., 1986a, b; Rozdzial and Haimo, 1986) 
is involved in the plus end-directed dispersion of pigment 
granules along microtubules. Conversely, dephosphoryla- 
tion mediated by the phosphatase calcineurin (Thaler and 
Haimo, 1990) and an increase in intracellular Ca 2+ (Kotz 
and McNiven, 1994) have been implicated in the minus 
end-directed aggregation of these particles. Phosphoryla- 
tion may control organelle transport in other cells as well, 
since the protein phosphatase inhibitor okadaic acid en- 
hances minus end-directed ER tubule transport in frog 
egg extracts (Allan, 1995), bidirectional transport in mam- 
malian cells in culture (Hamm-Alvarez et al., 1993), and 
plus end-directed lytic granule movements in T cell ex- 
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tracts (Mcllvain et al., 1994). In contrast, phosphorylation 
mediated by a p34 cdc2 kinase cascade suppresses organelle 
motility in metaphase frog egg extracts (Allan and Vale, 
1991). 

Protein motors, the ATP-hydrolyzing enzymes that 
power the movement of organelles on microtubules, rep- 
resent likely targets for regulation of vesicle transport. The 
two best-studied organelle motors, dynein (Paschal et al., 
1987; Paschal and Vallee, 1987) and kinesin (Brady, 1985; 
Vale et al., 1985), move membrane-bound compartments 
towards the minus ends (slow growing) (Schnapp and Re- 
ese, 1989; Schroer et al., 1989) and plus ends (fast growing) 
(Hollenbeck and Swanson, 1990; Rodionov et al., 1991) of 
microtubules, respectively. Both kinesin (Hollenbeck, 
1993; Matthies et al., 1993; Okada et al., 1995) and dynein 
(Dillman and Pfister, 1994; Lin et al., 1994) are phosphory- 
lated in cells, although the kinases involved and the func- 
tional consequences of such phosphorylation remain 
largely unresolved. Modulation of dynein and kinesin ac- 
tivity by phosphorylation, however, has been suggested by 
several studies. In the case of kinesin, specific phosphoiso- 
forms were found to be selectively bound to membranes, 
and their levels were increased during neurite outgrowth 
after addition of NGF (Lee and Hollenbeck, 1995). For 
dynein, the heavy chain was observed to be less phosphor- 
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ylated on anterogradely moving vesicles in rat optic nerves 
compared with the total dynein pool, suggesting that de- 
phosphorylation may inactivate dynein so that it could be 
carried by plus end-directed motors to the nerve terminal 
(Dillman and Pfister, 1994). In another study, okadaic acid 
was found to increase phosphorylation of the cytoplasmic 
dynein heavy chain as well as change the dynein immuno- 
fluorescence pattern from a vesicular staining to a more 
diffuse pattern (Lin et al., 1994). 

Organelle transport may also be regulated by motor- 
associated factors, some of which have been purified or 
partially purified using in vitro assays (Schroer and Sheetz, 
1991). The best-characterized activator is a multi-subunit 
factor called the dynactin complex which is required for 
dynein function in organelle motility (Gill et al., 1991) as 
well as during mitosis (Muhua et al., 1994; Plamann et al., 
1994; Echeverri et al., 1996). The mechanism by which dy- 
nactin regulates dynein activity, however, remains unclear. 
Three kinesin-associated proteins have also been impli- 
cated in regulating organelle movement, since their phos- 
phorylation levels increased concomitantly with a twofold 
increase in lytic granule movement along microtubules af- 
ter okadaic acid treatment (Mcllvain et al., 1994). 

In this study, we have examined the mechanism by 
which organelle transport is regulated by the cell cycle in 
Xenopus laevis eggs. In previous work, metaphase-arrested 
egg extracts were shown to support 10-fold lower levels of 
bidirectional organelle motility compared with interphase 
extracts (Allan and Vale, 1991). This cell cycle regulation 
of organelle transport is consistent with an overall decrease 
in vesicular trafficking in the secretory and endocytic path- 
ways in mitosis (Warren et al., 1983, 1984). Here, we have 
investigated whether the cell cycle regulation of organelle 
movement involves a change in either the force-generating 
activity of microtubule motors or the association of motor 
proteins with membranes. We show that cytoplasmic dy- 
nein is the predominant minus end organelle motor in 
Xenopus egg extracts and that cytoplasmic dynein and its 
activator dynactin detach from the membrane surface 
when interphase extracts are converted to a metaphase 
state. By measuring organelle motility in the same ex- 
tracts, we find that the reduction in membrane-associated 
dynein correlates well with the decrease in minus end or- 
ganelle transport in metaphase extracts. While cell cycle- 
dependent phosphorylation of the dynein heavy chain and 
the 85-kD intermediate chain was not observed, a substan- 
tial increase in the phosphorylation of the 65-kD dynein 
light intermediate chain was seen in metaphase compared 
with interphase extracts. These results suggest that dynein- 
based organelle transport is controlled by cell cycle- 
dependent phosphorylation events that regulate the at- 
tachment of dynein to intracellular membranes. 

Materials and Methods 

Xenopus Egg Extracts 
Interphase extracts were prepared from electrically activated Xenopus 
laevis eggs (Murray, 1991) with the following modifications. Cyclohexi- 
mide was used during the egg breakage step to inhibit cyclin synthesis and 
hence arrest the extract in the interphase state. Final extracts contained 
I mM DTT, 100 ixg/ml cycloheximide, Xenopus protease inhibitors 
(10 p,g/ml leupeptin, 10 p,g/ml chymostatin, 10 p~g/ml pepstatin, 10 p,g/ml 

aprotinin), and 10 ixg/ml cytochalasin B. Extracts, which were typically 
80-100 mg/ml in protein concentration, were stored in liquid nitrogen. 
Metaphase extracts were made by treating interphase extracts with par- 
tially purified bacterially expressed cyclin A90 (0.13 mg/ml final concen- 
tration), a nondegradable form of cyclin B, for 45 min at 22°C, in the pres- 
ence of an ATP-regenerating system (1 mM ATP, 1 mM MgCI2, 7.5 mM 
creatine phosphate). Cyclin A90 maintains the extract in the mitotic state 
(Murray et al., 1989). Histone H1 kinase assays (Murray, 1991) were used 
to assess the cell cycle state of interphase and metaphase extracts. 

UV Vanadate Photocleavage of Egg Extracts 
Interphase crude extracts were supplemented with 2 mM ATP, 5 mM Mg- 
acetate, 2 mM DTT, and 20 ~M sodium orthovanadate. 40-p,l drops of ex- 
tract on sheets of parafilm taped to aluminum foil on a flat layer of ice 
were irradiated for 1 h at a distance of I cm with UV light (366 nm) using 
a lamp (UVL-56 Blak-Ray; UVP, Inc., San Gabriel, CA). Although other 
studies have used norepinephrine to reduce and thereby inactivate the 
orthovanadate ion after irradiation (Schnapp and Reese, 1989; Schroer et 
al., 1989), we found that this compound inhibited organelle transport in 
Xenopus extracts. However, when orthovanadate was diluted to 8 p~M in 
the motility assay, this concentration did not substantially inhibit organ- 
elle transport or minus end--directed bead movement and microtubule 
gliding. High speed superuatants and membrane samples used in micro- 
scope assays were made as described below. 

Preparation of High Speed Supernatants 
and Membranes 
Xenopus egg crude extract samples were diluted with 1 vol of acetate 
buffer (10 mM Hepes, pH 7.4, 100 mM K-acetate, 150 mM sucrose, 5 mM 
EGTA, 3 mM Mg-acetate) containing protease inhibitors (described 
above) and 1 mM DTT and then spun at 109,000 gm~ for 30 rain at 2°C in 
either a TLA 120.1 or TLA 100.4 rotor (Beckman Instruments, Inc., Ful- 
lerton, CA). High speed supernatants and membrane pellets were col- 
lected. The membrane pellets were resuspended in 3 vol of 2 M sucrose in 
acetate buffer and then layered above 2 M sucrose/acetate buffer and be- 
low 1.4 M and 0.25 M sucrose/acetate buffer cushions. The membranes 
were then isolated by flotation up to the 0.25 M/1.4 M sucrose interface by 
spinning at 260,000 gmax for 30 min in a TLS-55 rotor (Beckman Instru- 
ments, Inc.). These flotation gradients were designed to collect the major- 
ity of the membranes in the extract and to purify them away from contam- 
inating nonmembranous dynein that cosedimented with the membranes 
during the first spin. Regarding dynein recovery, immunoblotting results 
indicated that 20-30% of dynein from the crude extracts was associated 
with the membrane fraction obtained by centrifugation (109,000 grnax; 30 
min) through a 0.5-M sucrose cushion. When membranes were purified by 
the additional flotation step and subjected to immunoblotting, we esti- 
mate that half of the dynein was not recovered in the flotation. 

OrganeUe and Bead Transport Assays 
Organelle motility assays were performed in ~5-1xl flow cells made from 
glass coverslips and slides spaced apart by two parallel strips of double- 
stick tape. Assays were done by pipetting samples sequentially into the 
flow cell in a 3-step process. (1) First, to polymerize an oriented microtu- 
bule array from centrosomes, 5 ~1 acetate buffer, 4 I~1 interphase frog egg 
high speed supernatant, 1 p.1 crude aster-forming surf clam (Spisula so- 
lidissirna) egg extract (Palazzo et al., 1988, 1992) (gift from Robert 
Palazzo, Department of Physiology/Cell Biology, University of Kansas, 
Lawrence, KS) and 0.5 Ix120x ATP regeneration system were flowed into 
the chamber. (2) Once an astral array of microtubules was located, it was 
washed and stabilized with 30 ill acetate buffer containing 0.4 I~M taxol 
and the ATP regeneration system. (3) Finally, the samples of high speed 
supernatants with added organelles or 0.2 ixM carboxylated beads (Poly- 
sciences, Inc., Warrington, PA) and the ATP-regenerating system were in- 
troduced into the chamber. The movement of organelles or beads was 
then observed on a microscope (Axioplan; Carl Zeiss, Inc., Thornwood, 
NY) equipped with differential interference contrast optics, a 50 W or 100 W 
mercury are lamp, and a ×63 1.4 NA Planapochromat objective. Images 
were detected using a camera (Newvicon; Hammatsu Photonics, Bridge- 
water, NJ); contrast enhancement and background subtraction were per- 
formed with an image processor (Argus 10; Hammatsu Photonics), and re- 
cordings made with a super VHS video tape recorder (AG-1960; 
Panasonic, Secaucus, N J). Single frame images were captured from video 
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tape onto a Macintosh Quadra 950 (Apple Computer, Cupertino, CA) us- 
ing NIH Image software. 

Quantitation of organelle and bead motility was accomplished by 
counting the number of vesicle, membrane tubule, or bead movements 
per rain on astral microtubules. If an organelle or bead moved, then 
paused for more than 2 s, and then moved again at some later time, it was 
scored as two movements. Recordings of motility were done on cen- 
trosome-nucleated microtubule asters of comparable size and microtubule 
density. These asters enabled the directionality of motility to be deter- 
mined, since all microtubule minus ends are located at the center. The po- 
larity of these astral microtubule arrays was confirmed by a motility assay 
using kinesin-coated 0.2-~m carboxylated beads. 

Polyacrylamide Gel Electrophoresis 
and Immunoblotting 
Protein samples were separated on either 5, 4-15, or 5-15% gradient poly- 
acrylamide gels under denaturing and reducing conditions (Laemmli, 
1970). Immunoblotting (Towbin et al., 1979) was performed by electro- 
blotting to nitrocellulose membranes at 0.2 A for 1 h for 5% gels and 0.3 A 
for 1 h for 5-15% gels. Primary antibodies and dilutions (overnight at 4°C 
unless indicated): Dictyostelium dynein heavy chain (1:5,000 dilution) 
from Mike Koonce, Wadsworth Center for Laboratories and Research, 
Albany, NY (Koonce et al., 1992); chicken dynein intermediate chain 
mAb 70.1 (Steuer et al., 1990) (1-2 h at 22°C at 1:2,000 dilution); chicken 
dynein light intermediate chain antibody (Gill et al., 1994) from Trina 
Schroer (Johns Hopkins University, Baltimore, MD) (1:500 dilution); hu- 
man ubiquitous kinesin heavy chain polyclonal antibody (Niclas et al., 
1994) (1:500 dilution); chicken p150 Glued mAb 150B from Trina Schroer 
(1:250 dilution); rat p150 ~lued polyclonal antibodies UP235 and UP236 
(Melloni et al., 1995) from Erica Holzbaur (University of Pennsylvania, 
Philadelphia, PA) and Dart and Port from Richard Vallee, (Worcester 
Foundation, Shrewsbury, MA) (l:500-fold dilution); actin mAb AC-40 
(Sigma Chemical Co., St. Louis, MO) (1:500 dilution); anti-Arpl/centrac- 
tin UP454 from Erica Holzbaur (1:250 dilution). Blots were then washed 
and treated for 1 h at 22°C with either HRP-conjugated (Amersham 
Corp., Arlington Heights, IL) or alkaline phosphatase--conjugated sec- 
ondary antibodies (Jackson Immunoresearch Laboratories, West Grove, 
PA). For confirmation of quantitative differences of membrane-bound dy- 
nein between interphase and metaphase extracts, some immunoblots were 
also performed with an asS-labeled sheep anti-mouse secondary antibody 
(Amersham Corp.) used at 0.5 ~Ci/ml. Blots were developed using the 
ECL Western blotting detection kit (Amersham Corp.) and exposed to ei- 
ther Kodak XAR-5 film (Eastman Kodak, Rochester, NY), Hyperfilm- 
ECL (Amersham Corp.), or phosphorImaging screens. Quantitative anal- 
ysis of bands on films was done either by scanning with a UMAX Power 
Look PS-2400X (UMAX Data Systems, Inc., Industrial Park, Hsinchu, 
Taiwan) and then importing the image into the NIH Image software 
(Wayne Rasband, National Institutes of Health) for densitometric analy- 
sis or by phosphorimage analysis with a molecular imager system (GS-363; 
Bio-Rad Laboratories, Richmond, CA) (for ECL) or by using a phosphor- 
Imager (BAS 2000; Fuji Photo Film Co., Tokyo, Japan) (for 35S). Serial di- 
lutions of immunoblot samples were used to select bands within the linear 
range for quantitation. 

Purification of Frog Egg Cytoplasmic Dynein 
4 ml crude interphase frog extract ($1) were diluted with 8 ml BRB80 (80 
mM K-Pipes, pH 6.8, 1 mM MgCl2, 1 mM EGTA) containing Xenopus 
protease inhibitors, 0.1 mM PMSF, and 1 mM DTT. A high speed super- 
natant ($2) was made by centrifugation at 109,000 gmax for 30 min at 2°C in 
a Beckman TLA-100.4 rotor. To the $2, taxol was added to 20 IxM and 
prepolymerized bovine brain microtubules were added to 100 I~g/ml. Af- 
ter 20 min at 22°C, apyrase was added to 1 U/ml and AMP-PNP to 0.2 
mM, and $2 was incubated another 20 rain at 22°C. The nucleotide- 
depleted $2 was then loaded onto a 20% sucrose cushion (BRB80, 4 ~M 
taxol, 1 mM DTI ~, Xenopus protease inhibitors) and spun at 87,000 gmax 
for 10 rain at 25°C (TLA 100.4 rotor). The microtubule-depleted superna- 
tant ($3) was removed and the pellet resuspended in 0.8 ml BRB80 (4 I~M 
taxol, 1 mM DTT, and Xenopus protease inhibitors). The resuspended mi- 
crotubules were spun at 87,000 gmax for 10 rain at 25°C through a 20% su- 
crose cushion again. The supernatant (MT wash) was removed and the 
pellet resuspended in 0.2 ml BRB80 (4 ~M taxol, 1 mM Dq'T, and Xeno- 
pus protease inhibitors) plus 10 mM Mg-ATP followed by a 20-rain incu- 
bation at 22°C. The microtubules were then pelleted by spinning at 70,000 

gm~x and the supernatant collected (ATP release). The ATP release was 
then loaded onto a 2.2-ml 5-25% sucrose gradient (Xenopus protease in- 
hibitors, 1 mM DTT, 0.1 mM Mg-ATP) and spun at 2°C for 3 h at 259,000 
gmax (TLS-55 rotor). 0.2-ml fractions were collected, and the dynein peak 
was determined by running the fractions on a polyacrylamide gel and 
Coomassie staining. The dynein peak fraction was kept on ice for the dy- 
nein addback experiment. 

Phosphorylation of Cytoplasmic Dynein in Extracts 
A pool of radiolabeled ATP was obtained by adding [32p]orthophosphate 
to extracts, and labeled cytoplasmic dynein was then isolated either by im- 
munoprecipitation or by microtubule affinity followed by sucrose density 
gradient centrifugation. 

For immunoprecipitation experiments, 20 ixl extract was preincubated 
with cyclinA90 or water for 30 rain at 22°C, after which 100 p, Ci [32p]ortho- 
phosphate was added and the incubation continued for 30 min. The label- 
ing was stopped by adding 1 ml of ice-cold IP buffer (10 mM "Iris, 80 mM 
sodium 13-glycerophosphate, 10 mM sodium pyrophosphate, pH 7.5, plus 
1% Triton X-100 and protease inhibitors) and incubating on ice for 10 
min. All subsequent procedures were carried out at 4°C. After a clarifying 
spin at 13,000 gmax in a microfuge, half the supernatant was incubated with 
2.5 p,l mAb 70.1 ascites for 1-2 h, while the other half served as a minus 
antibody control. Anti-mouse IgM agarose beads (obtained from Sigma 
Chemical Co.) were then added (15 V,I packed beads/sample), and the in- 
cubation continued for 1-2 h. The beads were then washed 4 × with IP 
buffer, once with IP buffer plus 500 mM NaC1, and finally once with 50 
mM Tris (pH 7.5). Pellets were resuspended in sample buffer and ana- 
lyzed on 4-15% SDS-PAGE gels. After staining with colloidal Coomassie 
(Sigma Chemical Co.), the gels were dried and exposed to imaging plates 
(BAS-III; Fuji Photo Film Co.) or film (Biomax; Eastman Kodak). Quan- 
titation of labeled bands was performed on a phosphorlmager (BAS-2000; 
Fuji Photo Film Co.). To correct for differences in loading, the amount of 
Coomassie-stained cytoplasmic dynein heavy chains was determined by 
digitizing the bands using a scan jet (llcx/T; Hewlett-Packard Co., Palo 
Alto, CA) followed by analysis using NIH image software. 

Microtubule affinity was used as an alternative method for purifying la- 
beled cytoplasmic dynein. 100-1xl extracts were preincubated with cyclln 
A90 or water for 20 rain, supplemented with 200 IxCi [32p]orthophosphate 
per sample, and then incubated for a further 40 rain at room temperature. 
Labeled extracts were diluted with 220 ~1 buffer A (120 mM sodium 
13-glycerophosphate, 15 mM sodium pyrophosphate, 15 mM Hepes, 15 
mM EGTA, 7.5 mM MgC12, pH 7.4) containing 1 mM DTT, protease in- 
hibitors, 10 ~g/ml cytochalasin D, and 1.5 IxM microcystin. The microtu- 
bule affinity protocol was performed as described above except that bo- 
vine brain microtubules were used at 150 i~g/ml, and hexokinase and 
AMP-PNP were used at 10 U/ml and 0.4 mM, respectively. In addition, 
BRB80 was replaced in all subsequent steps by buffer B (buffer A diluted 
1.5×, plus 4 IxM taxol, 1 mM DTT, protease inhibitors, 1 ~g/ml cytochala- 
sin D, 1 ixM microcystin). The motor fraction was then loaded onto 600 Ixl 
10-25% sucrose gradients (in 25 mM K-Pipes, 1 mM MgC12, 1 mM EGTA, 
pH 6.8, plus 1 mM DTF, protease inhibitors, 100 nM microcystin) and 
centrifuged in an SW50 rotor with adapters for 5 h at 200,000 gr,~x, 4°C. 50- 
I~1 fractions were collected from the top of the gradient and were analyzed 
as for the immunoprecipitates, except that the gels were silver stained. 

Results 

Dynein is a Minus End Organelle Motor in 
Xenopus Eggs 
Extracts from Xenopus eggs have been shown to promote 
high levels of minus end microtubule-based organelle 
transport (Allan and Vale, 1991). To determine if cyto- 
plasmic dynein drives minus end organelle transport in the 
Xenopus egg, we examined whether retrograde motility is 
eliminated after biochemically inactivating this motor by 
UV-vanadate photocleavage as described in prior studies 
(Schnapp and Reese, 1989; Schroer et al., 1989). To assay 
organelle transport activity, high speed supernatants were 
combined with purified crude membrane fractions and the 
directionality of membrane transport (both vesicles and 
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Figure 1. Role of cytoplasmic 
dynein in minus end--directed 
membrane transport in Xeno- 
pus egg extracts. (A) UV- 
vanadate photocleavage of cy- 
toplasmic dynein in Xenopus 
egg extracts. Samples of 
crude interphase egg extracts 
containing 2 mM ATP, 5 mM 
Mg-acetate, and 2 mM DTT 
were incubated for 1 h on ice 
under the following condi- 
tions. Lane 1, no UV irradia- 
tion or vanadate; lane 2, UV 

irradiation only; lane 3; 20 ~,M vanadate only; lane 4, UV irradiation and 20 IxM vanadate. 100 p,g of each sample was run on a 5 % poly- 
acrylamide gel, transferred to nitrocellulose, and then probed with an anti-Dictyostelium dynein heavy chain polyclonal antibody that 
only recognizes the larger of the two photocleavage products (Lee-Eiford et al., 1986; Gibbons et al., 1987). 85% of the dynein heavy 
chain was photocleaved into two smaller fragments by UV and vanadate, whereas incubation with either UV irradiation or vanadate 
alone did not lead to any detectable cleavage. Molecular mass standards (kD) are shown on the left side. The dynein heavy chain 
(DHC) and the larger heavy chain photocleavage product (HUV) are indicated on the right side. UV-vanadate photocleavage appears 
to be specific for dynein, since the kinesin heavy chain was immune to photocleavage even at orthovanadate concentrations as high as 
100 ~M (data not shown). (B) Restoration of minus end-directed transport to UV photocleaved extracts by addition of purified Xeno- 
pus egg dynein. Data from two different experiments are shown. Final concentrations of supernatant, organelles, and dynein were ,~7, 
2, and 0.02 mg/ml, respectively. 20-min assays were recorded for each sample and plus end- and minus end-directed organelle move- 
ments were scored. 

membrane tubules [Allan and Vale, 1991]) was scored on 
microtubules polymerized from Spisula egg centrosome 
particles (Palazzo et al., 1992). UV-vanadate  treatment of 
the extract cleaved 85% of the dynein heavy chain (Fig. 1 
A), which resulted in a 81% decrease in minus end trans- 
port of vesicles and membrane tubules in comparison to 
the untreated control but had little effect on plus end-  
directed motility (Table I). UV or vanadate (8 ~M final 
concentration) alone had little effect on motility in either 
direction, indicating that the reduction of motility was due 
to photocleavage. Similar results were also seen using 
0.2-~m carboxylated beads, suggesting that they were also 
transported by dynein (Table I). To establish that UV in- 
hibition of membrane transport was due to dynein cleav- 
age, egg cytoplasmic dynein was purified and added back 
to the UV-vanadate  photocleaved extract. Readdition of 
dynein restored the level of minus end motility to within 
~30% of control levels in two different assays but did not 
increase the amount of plus end motility (Fig. 1 B). Hence, 
dynein is responsible for the minus end transport of most, 
if not all, of the vesicles and membrane tubules in the cyto- 
plasm of the Xenopus egg. 

Dynein Dissociates from Membranes in 
Metaphase Extracts 

Previous studies have shown that both minus end-  and 
plus end-directed microtubule-based organelle transport 
are dramatically inhibited in metaphase extracts in com- 
parison to interphase extracts (Allan and Vale, 1991). 
However, minus end motility of microtubules along glass 
and beads along microtubules in metaphase extracts still 
occurred. Moreover, UV-vanadate treatment of mitotic 
high speed supernatants dramatically reduced minus end 
bead motility (1.6 _+ 0.3 movements/min compared with 
38.3 --- 4.5 movements/min for the vanadate only control; 
n = 3), which indicates that dynein is the predominant sol- 
uble minus end-directed motor in mitotic extracts. This re- 

suit suggests that the motor domain of soluble dynein is 
still active in mitosis and that either the motor activity of 
membrane-bound dynein is selectively inactivated or that 
dynein dissociates from membranes in mitotic extracts. 

To distinguish between the two possibilities described 
above, the relative quantities of dynein attached to puri- 
fied total cytosolic membranes isolated from interphase- 
and metaphase-arrested extracts were examined. Inter- 
phase-arrested extracts were made from eggs that were 
electrically activated, and cycloheximide was included to 
inhibit cyclin synthesis. Metaphase extracts were prepared 
by treating the interphase extract with cyclinA90, a nonde- 
gradable form of cyclin B that activates p34 cdc2 kinase 
(Murray et al., 1989). H1 kinase assays were used to dem- 
onstrate conversion of interphase extracts to metaphase 
(Fig. 2 A). Crude membrane fractions were prepared by 
flotation through a sucrose step gradient (see Materials 
and Methods), and equal amounts of interphase and 

Table L Organelle and Bead Transport in UV-Vanadate 
Photocleaved Interphase Xenopus Egg Extracts 

Minus-end directed Plus-end directed 

Organelles Organelles 
(vesicles and (vesicles and 

tubules) Beads tubules) Beads 

movements/rain movements/min 

No treatment  4.52 ± 0.76 27.0 ± 3.76 0.63 ± 0.07 2.87 ~- 0.67 
UV 3.59 ± 0.23 22.3 ± 3.76 0.61 ± 0.10 2.53 ~ 0.35 
Vanadate  4.11 ± 1.12 29.4 ± 4.48 0.51 ± 0.12 3.17 ± 1.3 
UV-vanada te  0.88 ± 0.07 4.8 ± 1.39 0.60 ± 0.09 1.23 ± 0.15 

High speed supernatants and isolated membranes were prepared from the four extract 
samples described in Fig. 1, 8 ixl high speed supernatant (14.4 mg/ml), 2 I-tl mem- 
branes (10 mg/ml), or 2 p,l carboxylated beads (1:40 dilution) and 0.5 Ixl 20× ATP 
regeneration system were combined, applied to microtubule asters, and assessed for 
minus end- and plus end-directed motility. For each condition, motility data were an- 
alyzed from three separate slide chambers in which one centrosome was observed for 
30 min in each (means -+ SD are shown). Data in this table are representative of two 
experiments. 
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Figure 2. Minus end~lirected motility and association of dynein 
with cytosolic membranes decrease in parallel in metaphase ver- 
sus interphase extracts. (A) Minus end- and plus end~lirected 
organelle motility was scored by combining 5 txl of interphase or 
metaphase high speed supernatant (16.5 mg/ml) with 5 Ixl isolated 
interphase or metaphase total membrane (2.5 mg/ml), respec- 
tively, and 0.5 ~1 of a 20× ATP regenerating system. Levels (or- 
ganelle movements/min) and directionality (minus or plus) of 
transport of vesicles and membrane tubules were assessed on 
centrosome-nucleated microtubule asters. Histone H1 kinase as- 
says were used to assess the cell cycle state of interphase and 
metaphase extracts. Units of activity are expressed as pmol/min/ 
mg of protein. (B) Immunoblots of equal loadings (40 I~g for all 
cases except p150 ~lued which had 150 Ixg) of isolated interphase 
(/) and metaphase (M) membranes were probed with antibodies 
directed against either dynein heavy chain (DHC), dynein inter- 
mediate chain (DIC), p150 Glued (p150), or kinesin heavy chain 
(KHC). (C) Immunoblots of equal loadings (160 Ixg) of crude in- 
terphase and metaphase extracts were probed with anti-dynein 
heavy chain (DHC) and intermediate chain (DIC) antibodies as 
well as an anti-pl50 ~lued antibody to show that the total amounts 
of dynein and p150 Gluea in interphase and metaphase extracts are 
the same. For the p150 ~u~d immunoblots, the UP235 antibody 
was used. Other anti-pl50 Glued antibodies (see Materials and 
Methods) yielded identical results. Molecular mass standards 
(kD) are shown on the left sides of the immunoblots. 

metaphase membranes were then subjected to electro- 
phoresis and immunoblotting. Densitometric analysis of 
the immunoblots revealed that interphase membranes con- 
tained an average of 6.5 ___ 0.75-fold (mean ___ SD; n = 3) 
more dynein heavy chain compared with metaphase mem- 
branes. Similar immunoblotting experiments performed 
with a dynein intermediate chain antibody revealed an av- 
erage 7.2 --- 2.0-fold (n = 3) more dynein on interphase 
compared with metaphase membranes (Fig. 2 B). p150 Glued 
of the dynactin complex, which has been shown to stimu- 
late dynein-based organelle transport (Gill et al., 1991), 
was also similarly reduced (6.3 _+ 1.2-fold; n = 3) in 
metaphase compared with interphase membranes. In con- 
trast, there was no difference in the amount of kinesin 
heavy chain associated with membranes from these two 
cell cycle states. To rule out the possibility that dynein and 
p150 Glued are being degraded in the metaphase state, crude 
interphase and metaphase extracts were probed with anti- 
dynein heavy or intermediate chain antibodies or an anti- 
p150 Glued antibody. No change in the levels of the dynein 
heavy or intermediate chains or p150 Glued were found when 
comparing these two cell cycle states (Fig. 2 C). 

The differences in association of dynein with mem- 
branes correlated with the reduction in minus end or- 
ganelle motility seen in the same extracts used for the iso- 
lation of membrane for immunoblotting. As shown in Fig. 
2 A, minus end motility was reduced eightfold in the 
metaphase extract when compared with the interphase ex- 
tract, consistent with previous findings (Allan and Vale, 
1991). Transport of both membrane tubules and vesicles 
were similarly decreased. These results strongly suggest 
that cytoplasmic dynein-based transport during the cell 
cycle is controlled by modulating the levels of dynein asso- 
ciated with organelles. 

Regulation of Dynein Phosphorylation by the 
Cell Cycle 

As many different examples of cell-cycle dependent regu- 
lation are mediated by phosphorylation, we investigated 
whether dynein is phosphorylated in a cell cycle-depen- 
dent manner. When dynein fractions prepared from inter- 
phase and metaphase extracts were analyzed by SDS- 
PAGE and immunoblotting, it was clear that a major dy- 
nein-associated polypeptide of ~65 kD underwent a cell 
cycle--dependent molecular mass shift (67 kD in metaphase 
versus 62.5 kD in interphase; Fig. 3, A and B). This 
polypeptide was identified as a dynein subunit using an an- 
tibody to the chicken dynein light intermediate chain (Gill 
et al., 1994). This subunit was noted previously to migrate 
more slowly when phosphorylated (Gill et al., 1994; Hughes 
et al., 1995), suggesting that phosphorylation of this dy- 
nein-associated polypeptide chain occurs in metaphase 
extracts. No change in electrophoretic migration, on the 
other hand, was observed in the dynein intermediate (~85 
kD) or heavy (~500 kD) chains. Since the cytoplasmic dy- 
nein was purified from metaphase and interphase extracts 
in the presence of phosphatase inhibitors to prevent de- 
phosphorylation during the ATP depletion step, it was pos- 
sible that phosphorylation levels were artificially increased. 
However, immunoblotting of concentrated metaphase and 
interphase crude extracts (soluble and membrane compo- 
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Figure 3. Cell cycle-depen- 
dent changes in dynein light 
intermediate chain apparent 
molecular weight. Dynein 
purified from interphase (/) 
and metaphase (M) extracts 
was analyzed by SDS-PAGE 
and silver staining (A), re- 
vealing one band which un- 
dergoes a substantial shift in 
apparent Mr (asterisks). This 
component is identified as 
the major light intermediate 
chain (LIC) by immunoblot- 
ting of purified interphase 
and metaphase dynein (B), 
using a polyclonal anti-light 
intermediate chain antibody. 

Molecular mass standards (kD) are given between A and B, and 
positions of the dynein heavy (HC) and intermediate (IC) chains 
are also indicated. Note: one unexpected finding was that prepar- 
ing the dynein in the presence of phosphatase inhibitors drasti- 
cally reduced the amount of the p150 Glued component of dynactin 
present in the dynein gradient fractions to levels that were unde- 
tectable by silver staining. In addition, centractin/Arpl levels 
were very low in these fractions, as detected by immunoblotting, 
although contaminating conventional actin was present (data not 
shown). This also makes it highly unlikely that the 67- and 62.5- 
kD region of the gels also contain components of the dynactin 
complex. 

nents) solubilized directly into gel sample buffer revealed 
an identical increase in apparent molecular weight in 
metaphase versus interphase light intermediate chains 
(data not shown). Furthermore,  all of  the detectable dy- 
nein light intermediate chain was in the 67- and 62.5-kD 
forms in mitotic and interphase crude extracts, respectively. 

Incorporat ion of phosphate into the dynein molecule 
was assayed directly by incubating metaphase and inter- 
phase extracts with [32P]orthophosphate to generate a pool 
of [32P]~/-ATP, which then serves as a substrate for endog- 
enous kinases. When dynein was immunoprecipitated 
(Fig. 4 A), a prominently phosphorylated band of ~67  kD 
was observed in metaphase extracts (lane M + ) ,  that was 
not detected in the absence of antibody (lane M - ) .  In in- 
terphase, a band of slightly lower Mr (62,500) was phos- 
phorylated (not readily seen in Fig. 4 A), but to a much 
lesser extent. These molecular weights correspond well to 
those of the dynein light intermediate chains in metaphase 
and interphase described above, but this could not be con- 
firmed by comparison with total protein composition of 
the immunoprecipitates due to comigrating antibody 
bands. Quantitation of the labeled bands from phosphor- 
Imager data (with standardization for the amount  of  Coo- 
massie-stained heavy chain) revealed that 11.5 +- 2.6-fold 
(n = 3) more [3Zp]phosphate was incorporated into the dy- 
nein light intermediate chain in metaphase versus inter- 

Figure 4. Cell cycle-dependent phosphorylation of dynein light 
intermediate chain. (A) Metaphase (M) and interphase (/) ex- 
tracts were incubated with [32P]orthophosphate as described in 
Materials and Methods, and then cytoplasmic dynein was immu- 
noprecipitated using 70.1, an intermediate chain mAb ( lanes +), 
with omission of the antibody as controls (lanes -) .  Autora- 

diography revealed a 67-kD band (LIC) that was strongly labeled 
in metaphase. Molecular mass standards (kD) are shown. (B and 
C) Cell cycle--dependent phosphorylation of dynein light inter- 
mediate chain in dynein isolated by microtubule affinity and su- 
crose density gradient centrifugation (see Materials and Meth- 
ods). Four adjacent fractions (from bottom to top of gradient: 6, 
7, 8, and 9) containing the dynein peak are shown, with phospho- 
rylated protein detected by autoradiography (B) and total pro- 
tein revealed by silver staining (C). (Left panels, metaphase; right 
panels, interphase). Again, phosphate was strongly incorporated 
in metaphase into a 67-kD band that comigrated with the light in- 
termediate chain. The position of dynein heavy (HC), intermedi- 
ate (1C), and light intermediate (LIC) chains are shown, with as- 
terisks indicating the two molecular weight forms of the light 
intermediate chain. Molecular mass standards (kD) are also 
shown. 
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phase. All other labeled polypeptides were also observed 
in the minus antibody controls. Quantitation of other dy- 
nein polypeptides by Coomassie staining and immunoblot- 
ting revealed that immunoprecipitations brought down 
equal amounts of both the dynein heavy and intermediate 
chains from interphase and mitotic extracts (interphase/ 
metaphase ratio of 1.08 and 1.04 for the heavy and inter- 
mediate chains, respectively). Since these polypeptides were 
not heavily labeled with [32p]phosphate, neither the heavy 
nor intermediate dynein chains appear to undergo signifi- 
cant phosphate turnover in either mitotic or interphase 
extract. 

To confirm that the 67-kD phosphorylated band was in- 
deed the light intermediate subunit, dynein was isolated 
from labeled extracts by microtubule affinity and sucrose 
density gradient centrifugation. Again, a prominent la- 
beled band of 67 kD was observed in metaphase dynein 
(Fig. 4 B, left), which comigrated with the light intermedi- 
ate chain (Fig. 4 C, left). Autoradiography of interphase 
dynein (Fig. 4 B, right) revealed a polypeptide of 62.5 kD 
which comigrated with the interphase light intermediate 
chain (Fig. 4 C, right), and which had incorporated 
13.1-fold less [32p]phosphate than the metaphase light in- 
termediate chain. A high Mr polypeptide in both metaphase 
and interphase gradients also contained a low level of 
phosphate, but the peak of this labeled species across the 
gradient did not coincide with the dynein heavy chain 
(data not shown). 

Taken together, these data indicate that both the turn- 
over of phosphate in the light intermediate chain and the 
steady state phosphate levels (as shown by the increased 
apparent molecular weight of the light intermediate chain 
in Fig. 3) are considerably higher in metaphase compared 
with interphase. 

Discussion 

In this study, we have examined the mechanism by which 
organelle transport is regulated by the cell cycle in extracts 
of Xenopus eggs. Previous work by Allan and Vale (1991) 
documented a profound inhibition of minus end-directed 
membrane motility when an interphase extract was con- 
verted to a metaphase state. Here, we have shown that cy- 
toplasmic dynein is the predominant, if not sole, motor 
that drives minus end-directed organelle transport and 
have found that the amounts of dynein and its activator 
dynactin that are bound to membranes decrease approxi- 
mately sevenfold when extracts enter metaphase. The 
magnitude of this decrease in membrane-associated dy- 
nein is very similar to the reduction in minus end-directed 
organelle transport observed in the same metaphase ex- 
tract. Thus, modulation of dynein association with mem- 
branes appears to provide an explanation for how minus 
end-directed organelle transport is controlled by the cell 
cycle. 

Regulation of both dynein association with membranes 
and dynein-based organelle transport must be mediated 
by a posttranslational event, since the cell cycle state of ex- 
tracts can be interconverted in the presence of protein syn- 
thesis inhibitors. Although a previous study did not detect 
any phosphorylation of dynein in crude interphase and 
metaphase motor fractions (Verde et al., 1991), we de- 

tected substantial phosphorylation of the light intermedi- 
ate chain of dynein isolated from metaphase extracts by 
either immunoprecipitation or microtubule affinity and 
velocity sedimentation. The increase in the turnover and 
steady-state levels of radiolabeled phosphate into this 
~67-kD light intermediate chain in metaphase compared 
with interphase extracts is similar to the magnitude of 
the changes observed in organelle transport and dynein 
association with membranes. In contrast, the heavy and in- 
termediate chains incorporated very little radiolabeled 
phosphate, and labeling did not change in a cell cycle- 
dependent manner. These findings suggest that light inter- 
mediate chain phosphorylation may be responsible for de- 
creasing the affinity of dynein for membranes, although 
phosphorylation of additional proteins might also be in- 
volved. 

Previous studies have correlated cytoplasmic dynein 
heavy chain phosphorylation with changes in dynein local- 
ization (Lin et al., 1994) and possibly motor activity 
(Dillman and Pfister, 1994). Here we show that light inter- 
mediate chain phosphorylation may be involved in alter- 
ing the cargo-binding activity of dynein. The group of dy- 
nein intermediate chains have been considered to be 
strong candidates for targeting this motor to subcellular 
structures. In the case of flagellar dynein, the intermediate 
chains may be responsible for anchoring the motor to the 
A-microtubules of the axoneme (Mitchell and Rosen- 
baum, 1986; King and Witman, 1990; King et al., 1991), 
while the intermediate and light intermediate chains have 
been speculated to serve a similar function in docking cy- 
toplasmic dynein to intracellular targets (Paschal et al., 
1992; Gill et al., 1994; Hughes et al., 1995). The binding 
partners of the light intermediate chain are unknown, 
while the intermediate chain has been shown to dock cyto- 
plasmic dynein to the p150 clued subunit of the dynactin 
complex (Karki and Holzbaur, 1995; Vaughan and Vallee, 
1995). Whether the phosphorylation of light intermediate 
chains affects this interaction is an interesting topic for fur- 
ther investigation. 

Light intermediate chain phosphorylation may be re- 
sponsible, at least in part, for the different roles of dynein 
during the cell cycle. Some studies have shown that dynein 
changes its location from a vesicular staining pattern in in- 
terphase to spindle and kinetochore staining in mitosis 
(Pfarr et al., 1990; Steuer et al., 1990). A reduction in the 
role of dynein in vesicle transport in mitosis is also consis- 
tent with lack of Golgi association with microtubules and 
the decrease in membrane-trafficking events during mito- 
sis (Warren et al., 1984; Warren and Wickner, 1996). Fur- 
thermore, various studies have provided clear evidence 
that dynein is involved in mitotic spindle formation, (Vais- 
berg et al., 1993), spindle orientation and nuclear segrega- 
tion (Eshel et al., 1993; Li et al., 1993; Plamann et al., 1994; 
Xiang et al., 1994), and chromosome segregation (Saun- 
ders et al., 1995). Therefore, the dissociation of cytoplas- 
mic dynein from membranes described here may allow 
this motor to bind to new cargo and perform distinct roles 
during metaphase. 

This is the first study in which cell cycle-dependent dy- 
nein phosphorylation and dynein-based organelle trans- 
port have been directly measured in the same system. 
However, other studies have indirectly suggested a possi- 
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ble connection between dynein phosphorylation and or- 
ganeUe transport in interphase ceils that differs from the 
results described here. In interphase Xenopus egg extracts, 
okadaic acid increases minus end-directed ER membrane 
tubule motility without changing the levels of membrane- 
associated dynein (Allan, 1995). Whether this activation is 
due to increased dynein phosphorylation has not been di- 
rectly shown. In addition, studies in the rat optic nerve 
suggest that phosphorylation of dynein may stimulate 
membrane transport, since dynein heavy chain phosphory- 
lation is higher on retrograde versus anterograde-moving 
organelles (Dillman and Pfister, 1994). 

Our findings can be reconciled with the above studies by 
proposing that dynein-based transport can be regulated 
through membrane attachment as well as the activity of 
the motor domain. Moreover, interphase and metaphase 
dynein regulation may be distinct and operate primarily 
through diffferent dynein subunits. The data presented 
here suggest that kinases active during metaphase phos- 
phorylate the dynein light intermediate chain, resulting in 
detachment from membranes and decreased organelle 
transport. The microtubule-translocating activity of the 
motor domain, however, appears to be unaltered, based 
on latex bead motility assays shown here and in previous 
studies (Allan and Vale, 1991). In contrast, dynein heavy 
chain phosphorylation may be the primary mechanism for 
regulating activity in interphase (Dillman and Pfister, 
1994; Lin et al., 1994). The effects of dynein phosphoryla- 
tion, however, may also depend on the cell type. As an 
example, okadaic acid treatment of interphase Xenopus 
extract causes a dramatic increase in ER tubule transport 
without affecting the association of dynein with mem- 
branes (Allan, 1995), while application of this phosphatase 
inhibitor to fibroblasts causes dissociation of dynein from 
intracelluar membranes (Lin et al., 1994). 

Plus end-directed motility in Xenopus extracts is also 
suppressed in metaphase extracts when compared with in- 
terphase extracts. A likely candidate for a motor mediat- 
ing at least a portion of the plus end-directed motility is 
kinesin. Unlike dynein, levels of this motor on membranes 
isolated from interphase and metaphase extracts are the 
same, suggesting that kinesin may be regulated in a differ- 
ent manner than dynein. Further work is required to es- 
tablish whether plus end-directed organelle transport is 
regulated by controlling the force-generating activity of ki- 
nesin or whether other plus end-directed motors drive or- 
ganelle transport in the Xenopus egg. 
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