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An improved method has been devised for the purification of cytoplasmic dynein 
from sea urchin eggs (Strongylocentrotus droebachiensis and S purpuratus). This 
protocol introduces three changes over a previously published procedure (Hisan- 
aga and Sakai: J Biochem 93 : 87, 1983)-the substitution of diethylaminoethyl 
(DEAE)-cellulose for hydroxylapatite chromatography, the elimination of sucrose 
density gradient centrifugation, and the use of phosphocellulose chromatography. 
These changes reduce the time and increase the efficiency of the purification 
procedure. The purified egg cytoplasmic dynein has enzymatic pro erties in 
common with axonemal dynein, including ionic specificity (Ca+ ‘ATPase/ 
MgtfATPase = 0.8) and inhibition by sodium vanadate and erythro-9-2,3- 
hydroxynonyl adenine (EHNA). As assayed by silver staining of polyacrylamide 
gels, the cytoplasmic dynein is composed of two high molecular weight polypep- 
tides (> 300 kilodaltons) that comigrate with flagellar dynein heavy chains, and 
lesser amounts of three lower molecular weight bands. None of these polypeptides 
appears to contain bound carbohydrate. The purification procedure can be modi- 
fied slightly to allow the preparation of cytoplasmic dynein in only 2 days from as 
little as 3-5 ml of packed eggs, a 20-fold reduction over the previous method. 
This more rapid and efficient method will facilitate the investigation of cyto- 
plasmic dynein in other systems where starting material is limited. including tissue 
culture cells and nerve axoplasm. 
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The mechanochemical-force-transducing protein of cilia and flagella is an en- 
zyme called “dynein,” or force (dyne) protein (in) [ l ] .  Dynein is a Mg++ATPase 
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that interacts with adjacent microtubule doublets in the axoneme to effect sliding [2]. 
There is a growing body of evidence that a similar enzyme can be found in the 
cytoplasm and that this cytoplasmic dynein may generate force in nonaxonemal 
microtubule-based motile systems. 

In 1968, Weisenberg and Taylor [3] identified an enzymatic activity in unfertil- 
ized sea urchin eggs that had some properties in common with ciliary dynein. 
Subsequently, a partially purified preparation of the enzyme, called egg dynein or 
cytoplasmic dynein, was shown to have ionic and nucleotide specificities, inhibition 
by vanadate anion ( + 5 ) ,  S value, and polypeptide composition (high molecular weight 
polypeptides, > 300 kilodal [Kd]) in common with axonemal dynein [4]. In addition, 
cytoplasmic dynein was seen to associate with the fibrous components of the isolated 
sea urchin mitotic apparatus, suggesting that one possible function of the enzyme was 
as a force generator for chromosome movement [5]. 

Physiological studies have also suggested a functional role for dyneinlike 
ATPase in cytoplasmic microtubule-associated motility. Cande and Wolniak (1978) 
demonstrated that chromosome motion in lysed cell models (PtKI) could be reversibly 
inhibited by vanadate. This dynein inhibitor also reversibly stops pigment granule 
transport in intact [6] or lysed melanophores [7,8], and vesicles and organelle trans- 
port in permeabilized lobster axons [9]. 

Hisanaga and Sakai [lo] reported the successful purification of sea urchin egg 
(Hemicentrotus pulcherrimus) cytoplasmic dynein by a method employing Sepharose 
4B, hydroxylapatite, and calmodulin (CaM) affinity chromatography, along with 
sucrose density gradient centrifugation (SDGC). The enzyme was purified to near 
homogeneity and is composed of a single high molecular weight polypeptide that 
comigrates with flagellar dynein I (polypeptide A [ I  I]) on polyacrylamide gels. The 
use of CaM-4B affinity chromatography was a major advance in the purification of 
cytoplasmic dynein, but the overall procedure was hampered by two problems. First, 
large quantities of starting material were necessary (75-100 ml of packed, dejellied 
sea urchin eggs), and second, the procedure required 5 to 6 days, over which time it 
was suspected that some enzymatic activity was lost. 

In this report, we present an improved method for cytoplasmic dynein purifica- 
tion from the eggs of Strongylocentrotus droebachiensis and S purpuratus. The major 
changes in the procedure are the substitution of DEAE-cellulose chromatography for 
hydroxylapatite, and the introduction of phosphocellulose chromatography as a final 
step, eliminating time-consuming SDGC. In addition, using slight modifications of 
this procedure, cytoplasmic dynein can be purified in only two days, starting with as 
little as 3-5 ml of packed, dejellied eggs. The purified enzyme has a slightly more 
complex polypeptide composition than that reported for H pulcherrimus [ 101 but is 
nearly identical in terms of specific activity, activation by calmodulin (CaM), and 
sensitivity to inhibitors. The results with the two species, S droebachiensis and 
S purpuratus, are virtually identical. The protocol introduced here now makes it 
feasible to attempt the biochemical and enzymatic identification of cytoplasmic dynein 
in other biological systems. 

MATERIALS AND METHODS 
Preparation of Egg Homogenate From S Droebachiensis and S Purpuratus 

Sea urchin eggs, obtained by 0.5 M KC1 injection, were dejellied by lowering 
the pH to 5.0, with 0.1 N HCI, for 1 min. The pH was raised to 8.0 by adding 2 M 



Purification of Cytoplasmic Dynein JCB:21 

Na2C03, the eggs were washed twice by settling in artificial seawater (ASW) [12]. 
They were then washed twice in 5 volumes of calcium-free seawater (CFSW) [13]. 
The washed eggs were resuspended in 3 to 5 volumes of homogenization buffer (HB) 
consisting of 20 mM Tris-HCI (pH 7.5), 0.1 mM EDTA, 1 mM EGTA, 0.2 mM 
DTT, 10 pg/ml leupeptin, 0.5 mM PMSF or 10 pglrnl soybean trypsin inhibitor 
(SBTI), and 0.1 M KCI (modified from Hisanaga and Sakai [lo]). The eggs were 
broken using five to eight strokes of a tight pestle in a Dounce homogenizer. The 
supernatant, after centrifugation at 35,OOOg for 30 min, was further clarified at 
100,OOOg for 1 hr. 

Preparation of Phosphocellulose 

Phosphocellulose (PC) was precycled with 0.5 N NaOH and 0.5 N HCI accord- 
ing to the manufacturer’s instructions (Whatman, Inc.). The resin was then saturated 
with MgS04 according to the method of Williams and Detrich [ 141. 

Determination of Protein and ATPase Activity 

Protein concentration was determined by the method of Lowry, et al [ 151, using 
bovine serum albumin as a standard. 

Adenosine triphosphatase (ATPase) activity was determined at 25°C in an assay 
mixture (0.2 ml) containing 30 mM Tris-HCI, pH 8.0, 0.3 M KCI, 2 mM MgC12, 
0.2 mM EGTA, and 1 mM ATP. When CaM stimulation was assayed, the reaction 
mixture contained 30 mM MES-KOH (pH 6.8), 2 mM MgCI2, 0.2 mM EGTA or 
0.2 mM CaCI2, I 0 0  pg/ml CaM (6 pM), and 1 mM ATP. Some assays were 
conducted according to the method of Hisanaga and Sakai [lo], using the inorganic 
phosphate assay of Fiske and Subbarow [18]. Alternatively, the assays (0.2 ml) were 
started by adding ATP and stopped, usually after 20 min, by adding 0.1 ml of I % 
sodium dodecyl sulfate (SDS) (or 5 % SDS if the protein concentration exceeded 0.25 
mg/ml). The inorganic phosphate (Pi) released was measured colorimetrically by 
adding 0.7 ml of developing solution (6 parts 0.24% ammonium molybdate in 1 N 
H2S04 plus one part fresh 10% ascorbic acid), and incubating at 45°C for 20 min 
[ 17,18; Lloyd Waxman, personal communication]. Background phosphate levels for 
each sample were determined by stopping the reaction immediately after the addition 
of ATP and processing as above (zero time). 

Polyacrylamide Gel Electrophoresis and Staining 
Polyacrylamide gel electrophoresis (PAGE) was carried out in the presence of 

SDS by the method of Laemmli [19], using a polyacrylamide gradient (4-16% or 
6.5-10%) in a slab gel of 0.75-mm thickness. Two to ten micrograms of protein were 
typically loaded in each lane, and the gels were stained by a modification of the 
procedure of Morrissey et a1 [20]. The gels were fixed in 50% methanol, 0.037% 
formaldehyde (optional) for a minimum of 6 hr. They were then incubated in 2.5 pgl 
ml DTT for 30 min and subsequently in 1 mgiml silver nitrate for 30 min. The gels 
were then briefly washed twice in approximately 200 ml of deionized H 2 0  and then 
rinsed two times quickly in 100 ml of developer (3% Na2C03, 0.018% formalde- 
hyde). The bands were visualized by incubating the gel in 200 ml of developer for 2- 
5 min, usually over a light box. Development was stopped by adding 20 ml of 2.3 M 
citric acid. After 10 min, the gels were washed with deionized water. They were 
stored in deionized H20,  in the dark, for 1-2 days before photographing. 
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RESULTS 
Sepharose 4B Chromatography 

When cytoplasmic dynein is prepared in large quantities (starting material 75- 
100 ml eggs) it is useful to fractionate the 100,OOOg supernatant on Sepharose 4B as 
outlined by Hisanaga and Sakai [lo]. In this case, the proteins are first concentrated 
by precipitation with ammonium sulfate at 55 % saturation and, after dialysis against 
0.2 M KCl, 20 mM Tris-HC1 (pH 8.0), 0.1 mM EDTA, 1 pg/ml leupeptin, and SBTI 
(0.2 KTE), are loaded onto a 5 X 100-cm column (1.8 liters) of Sepharose 4B, 
equilibrated, and eluted with the same buffer. This buffer is slightly modified from 
that of Hisanaga and Sakai [lo], and includes a lower salt concentration, necessary 
for the DEAE-cellulose column which follows. We have found that cytoplasmic 
dynein tends to aggregate in low salt (< 0. I M) once exposed to 0.5 M KCI or NaCI. 
For good resolution, up to 1 g of protein can be loaded on the column in a maximum 
of 70 ml. The elution profile of such a column is shown in Figure 1. The ATPase 
activity is eluted in an early included fraction and the column is particularly useful 
for removing small vesicles and lipoproteins that are found in the void volume (data 
not shown). When cytoplasmic dynein is prepared from smaller quantities of starting 
material, the 100,OOOg spin is more effective at removing vesicular contamination, 
and those that remain are eliminated during DEAE-cellulose and CaM-affinity chro- 
matography (see below). 

DEAE-cellulose Chromatography 

Cytoplasmic dynein can be further purified by DEAE-cellulose ion exchange 
chromatography (DE52, Whatman). This method has two advantages over hydroxy- 
apatite chromatography: (1) the 1.5-cm diameter column can be run at up to 1.5 ml/ 

Fig. 1. Sepharose 4B column chromatography. Total column volume is 1.8 liters. Ninety-five fractions 
of 17.5 ml were collected. Protein (0) and ATPase activity (relative P, released120 min: X )  of fractions 
eluted. V marks void volume. (For details, see text). 
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min using a peristaltic pump, faster than hydroxyapatite; and ( 2 )  using a phosphate- 
free buffer obviates the need for radioactive phosphate (32P-ATP) in the ATPase 
assay. 

In the experiment shown in Figure 2, the included peak of ATPase activity 
(fractions 50-70, Fig. 1A) from a Sepharose 4B column were pooled and dialyzed 
against 50 mM KCI, 20 mM Tris-HC1, pH 7.5, 2 mM MgC12, 0.1 mM EDTA, 0.5 
mM DTT, 10% glycerol (TDMK). The protein was loaded onto the DEAE-cellulose 
column (1.5 x 35 cm, 75 ml) equilibrated, and then washed with the same buffer. 
Under these conditions, up to 250 mg of protein could be loaded in any volume, and 
over 90% was bound to the column. The column was then eluted with a gradient of 
0.05-0.35 M KCl in the same buffer, and finally washed with 0.5 M or 1 M KCI in 
the same buffer. 

Figure 2A shows the elution profile of such a column. The peak of ATPase 
activity is eluted at a conductivity of 8.0 millimhos, which corresponds to 0.15 M 
KCl. Polyacrylamide gel electrophoresis reveals a large number of polypeptides 
coeluting with the ATPase activity, but it should be noted that the high molecular 
weight (HMW) bands comigrating with flagellar dynein are found exclusively in these 
fractions (Fig. 2B). 

Once the fractionation pattern of the ATPase on DE52 was established, a typical 
column was eluted with a single step of 0.2 M KCI in TDMK. This served to 
concentrate the ATPase activity, and reduced even further the time required for this 
procedure. The rest of the protein elutes from the column at 1 .O M KCI. 

Calmodulin-Sepharose 4 6  Affinity Chromatography 

The ATPase containing fractions from the DE52 column were purified further 
by CaM-4B affinity chromatography according to Hisanaga and Sakai [ 101 with slight 
modifications. The published procedure calls for a buffer containing 0.5 M KCI to 
reduce aggregation of the cytoplasmic dynein originally extracted with high salt. We 
have found, however, that if the original homogenate contains lower salt (50 mM- 
0.2 M KCl), aggregation can be significantly reduced. Thus, the CaM-4B column 
can be run at 0.2 M KCl and the peak of ATPase activity eluted from DE52 can be 
loaded directly on the affinity column after diluting the sample to reduce the glycerol 
concentration to 5 % (optional) and bringing the mixture to 2 mM CaC12. The column 
contains approximately 60 mg CaM/35 ml Sepharose 4B, and up to 100 mg of protein 
from the DE52 column can be efficiently fractionated. 

Figure 3 shows that over 75% of the protein loaded on the CaM-4B column 
flows through at 2 mM CaCI2 (see also Table 1). A single sharp peak of protein is 
eluted with 2 mM EGTA, and this peak contains the ATPase activity and is enriched 
in the high molecular weight polypeptides (Fig. 3B). Since the specific activity 
increase at this step is not as high as would be expected, some loss of activity may be 
occurring. This cause of this loss, also reported by Hisanaga and Sakai [lo], is 
unknown. 

Phosphocellulose Chromatography 

Since microtubule-associated proteins (MAPS) and a variety of phosphates and 
kinases can be purified by phosphocellulose (PC) chromatography, we examined the 
possibility of using this method to prepare cytoplasmic dynein. A variation of a 
tubulin purification buffer was used which contained 50 mM PIPES (pH 6.8), 2 mM 
MgC12, 0.1 mM EDTA, 0.3 mM DTT, 5% glycerol, 1 pg/ml leupeptin and SBTI, 
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A 

0.5M KCI 

Fig. 2. DEAE-cellulose (DE52) column chromatography. Total column volume is 75 ml. One hundred 
fractions of 10 ml each were collected. A gradient of KCI (0.05 M to 0.35 M) was started at the first 
arrow, and 0.5 M KCI was started at the second arrow. (For details, see text). A) Protein (0) and 
ATPase activity (relative P, released/20 min: X )  of fractions eluted. Conductivity of each fraction is 
also recorded (---). B) Polyacrylamide gel electrophoresis of indicated fractions from the column. The 
gel contains a 4-15 % gradient of acrylarnide and is stained with silver nitrate as indicated in the Materials 
and Methods. Arrows mark the dynein region (D), and tubulin is also indicated (T) on a lane containing 
flagellar axonemes. 
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and 0.1 M KCI (PMEK). When the EGTA-eluted peak from the CaM column is 
dialyzed against the buffer, a fibrous precipitate forms. This precipitate, which can 
be removed by centrifugation at 35,000g for 30 min, contains approximately 40% of 
the protein in the CaM pool, but none of the ATPase activity. Thus, the dialysis and 
centrifugation alone effect some purification of the enzyme. 

The clarified dialysate can then be fractionated on a phosphocellulose column 
equilibrated with PMEK. Up to 1 mg of protein can be loaded per ml of packed PC, 
but maximum resolution is obtained with 0.7-0.8 mg protein per ml PC. As shown 
in Figure 4, virtually all of the ATPase activity flows through the column, along with 
a subset of two high molecular weight polypeptides and some lower molecular weight 
bands (Fig. 4B). Other proteins from the CaM pool can be eluted with a gradient 
of KCI. 

Since the cytoplasmic dynein appears in the flow-through fraction, dilution is a 
problem. Typically, the CaM pool is concentrated before dialysis by Amicon high 
pressure filtration using a YM30 filter, or by precipitation with ammonium sulfate at 
55% saturation, to reduce this problem. Another problem observed at first with this 
procedure was that the dynein seemed to lose activity quickly (within 1 day) after this 
procedure. We suspected that this was due to loss of Mg++ ions, as reported when 
tubulin is purified using phosphocellulose [ 141. This problem was eliminated by 
saturating the PC with Mg+ + ions before preparing the column [ 141. 

Rapid Purification of Cytoplasmic Dynein 

For rapid purification of cytoplasmic dynein from smaller quantities of starting 
material (5 to 20 ml packed, dejellied eggs), the 100,OOOg supernatant of the egg 
homogenate (see Material and Methods) was brought to 20 mM Tris-HC1 (pH 7 . 3 ,  
50 mM KCI, 2 mM MgCI2, 10% glycerol, and 0.5 mM DTT, by dilution with an 
appropriate buffer. The protein mixture was loaded directly onto the DE52 column, 
equilibrated with TDMK, without fractionation over Sepharose 4B. After washing 
the column with 5 volumes of TDMK, the ATPase activity was eluted in a single step 
at 0.2 M KCI in TDMK. 

The buffer conditions in the DE52 pool were then adjusted so that the pool 
could be loaded directly onto the CaM-Separose 4B column. Typically, the sample 
was diluted to reduce the glycerol concentration to 5 % , and the buffer was brought to 
0.2 M KCI, 20 mM Tris-HC1 (pH 7.5), 0.1 mM EDTA, 2 mM MgCI2, 2 mM CaCI2, 
0.25 mM DTT, and 1 pg/ml leupeptin and SBTI. The protein was then fractionated 
by CaM-4B chromatography as described above. 

The EGTA-eluted pool was then concentrated fourfold by Amicon filtration or 
ammonium sulfate precipitation, and dialyzed against 100 volumes of PMEK over- 
night. Alternatively, the CaM-4B pool could be dialyzed against PMEK overnight, 
and then concentrated the next morning. The precipitation of contaminating proteins 
in this buffer (see above) was, however, more efficient if the sample was concentrated 
before dialysis. The concentrated dialyzed CaM-4B pool was clarified by centrifuga- 
tion at 35,000g for 30 min, and the supernatant was fractionated by PC chromatog- 
raphy as described above. 

Table I outlines the extent of purification and recovery at each step during one 
large and one small volume preparation of egg dynein from S droebachiensis. Figure 
5 shows the polypeptide composition of the ATPase containing fractions from each of 
the columns, comparing the long, large-volume procedure and the rapid, small- 
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volume procedure. The recovery of ATPase units is greater with the rapid prepara- 
tion, but the longer method usually provides a purer enzyme, as judged by SDS- 
PAGE. 
Characteristics of the Purified Cytoplasmic Dynein 

Purified cytoplasmic dynein has unique enzymatic properties characteristic of 
dynein ATPase (Table 11). The ATPase is activated by either Mg++ or Ca++ ,  with a 
ratio of Ca++ ATPase/Mg++ ATPase of 0.8, and has no activity in 0.3 M KCl and 
2 mM EDTA. The enzyme is also 100% inhibited by 100 pM sodium vanadate, a 
potent inhibitor of dynein ATPase [2 1-23]. Erythro-9-2, 3-hydroxynonyl adenine 
(EHNA) has also been shown to specifically, though less potently, inhibit dynein 
ATPase [24,25]. The extent of inhibition is dependent on the ratio of EHNA concen- 
tration to ATP concentration, and is greatest when the ratio is two or more. At 
equimolar EHNA and ATP ( 1  mM), purified cytoplasmic dynein is 30% inhibited. 
Both oligomycin (20 pg/ml) and ouabain (50 pM), inhibitors of mitochondria1 ATPase 
and Na+K+ATPase, respectively, effect a slight stimulation of cytoplasmic dynein 
ATPase, as has been reported previously [4]. Sodium azide ( I  mM NaN3), an 

TABLE I. Protein Content and ATPase Activity in Egg Fractions During Cytoplasmic Dynein 
Purification* 

Units Specific Purification Recovery 
Sample mg ATPase" activityh (fold)' ( % Y  
Preparation 1 

55AS 684.4 4.20 ,006 
4B Pool I43 .O I .6S .012 2.0 39.0 
DE52 Pool 30.2 ,628 .02 1 3.5 15.0 
CaM Pool 3.77 .I35 ,036 6.0 3.2 
PC Pool 0.09 .017 .I88 31.3 0.4 

Preparation 2 

Egg Supernatants 104.0 .889 ,009 
DES2 Pool 17.6 ,400 .02 3 2.5 44.0 
CaM Pool .72 ,073 ,101 11.2 8.2 
PC fraction 4 .05 ,013 ,260 29.0 1.4 

*Samples are whole egg supernatants, 55% saturated ammonium sulfate fraction (55AS), and pools of 
ATPase-containing fractions from the columns. Both preparations are from S droebachiensis eggs. 
Preparation 1 started with 70 ml of packed dejellied eggs using the longer procedure. Preparation 2 
started with 5 ml of packed dejellied eggs, using the rapid procedure. 
"pmol PJmin. 
'pmol P,/min x mg. 
'Increase in specific activity over starting egg supernatant or 55 % ammonium sulfate fraction: the 
specific activity of a whole egg homogenate is at least three times lower than that of the supernatant. 
Thus, the final enzyme preparation is approximately 100-fold purified over the egg homogenate. 
d% of total ATPase units in the starting supernatant or ammonium sulfate fraction. 

Fig. 3 .  Calmodulin-Sepharose 4B (CaM-4B) column chromatography. Total column volume is 35 ml. 
Twenty-eight fractions of 5 ml each were collected. The load and wash buffer contained 2 mM CaC12, 
and at fraction 17, this was replaced with a buffer containing 2 mM EGTA. (For details, see text). A. 
Protein (0) and ATPase activity (relative Pi released/20 min: X )  of fractions eluted. B.  Polyacrylamide 
gel electrophoresis of indicated fractions, as described in Figure 2. The dynein region is marked (D). 
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Fig. 5 .  SDS-polyacrylamide gel electrophoresis of cytoplasmic dynein samples during purification. A) 
For this preparation, 80 ml of packed eggs were fractionated by the longer procedure. The gel contains 
a 4-15 % gradient of polyacrylamide. Standard proteins are labelled according to their molecular weights 
(Kd). Dynein (D) and tubulin (T) are also marked on a lane containing flagellar axonemes (FI). Samples 
are as follows: SSAS, egg proteins precipitated at S S %  ammonium sulfate; 4B, the ATPase activity pool 
from the Sepharose 4B column; DE, the ATPase activity pool from the DE.52 column; CaM, the ATPase 
activity pool from the CaM4B column; PC, the peak ATPase fraction from the phosphocellulose 
column. B) For this preparation, 3 ml of packed eggs were fractionated by the rapid procedure. The gel 
contains a 6.5-10% gradient of polyacrylamide. Standard proteins are labeled according to their 
molecular weights, and the dynein region is marked (D). The sample designations are as in Figure 5A. 

inhibitor of soluble mitochondria1 F, ATPase, has a slight inhibitory effect on the 
enzyme (13 %). 

Hisanaga and Pratt [26] have reported that cytoplasmic dynein ATPase is 
stimulated 4 to 8 fold by Ca++-calmodulin. The pool of ATPase from the Sepharose 
4B column is stimulated approximately 2.5-fold by 100 pg/ml of CaM (prepared from 
bovine brain), and 0.2 mM CaC12, at pH 6.8, and this increases to sixfold stimulation 
of the PC-purified enzyme. The purified dynein ATPase is also stimulated 4-5-fold 
by Triton X-100, as reported for both flagellar [27], and cytoplasmic dynein [26] 
(Table II). 
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TABLE 11. Enzymatic Characteristics of Purified Cytoplasmic 
Dvnein* 

Conditions 

Mg+ + 

Ca++ 
K+EDTA 

ATPase" 

14.3 
11.3 
0 

% of 
Mg IATPase 

81 
0 

100 pM Na3V04 0 0 
1 mM EHNA 9.8 70 
1 mM NaN3 12.2 87 
20 pgiml oligomycin 18.1 129 
50 pM ouabain 17.4 124 

*Egg dynein was prepared by the rapid method from eggs of S 
droebachiensis. All assays contain 30 mM Tris-HCI (pH 8.0), 0.3 M 
KCI, I mM ATP, and 4.6 pgiml egg dynein and the designated ions 
and/or inhibitors. All assays containing M g f f  also contain 0.2 mM 
EGTA. The specific activity of the preparation in 2 mM MgCL, 0.2 
mM EGTA was approximately 0.3 pmol PJmg X min. 
"Arbitrary units. 

The purified cytoplasmic dynein (Fig. 5A, lane PC) is composed of two major 
polypeptides that comigrate on SDS-polyacrylamide gels with flagellar dynein heavy 
chains. They have estimated molecular weights of 385 Kd and 320 Kd, as previously 
reported for a less purified preparation of the enzyme [4]. In addition, two lower 
molecular weight components of 125-135 Kd and 65-75 Kd are seen along with a 
variable component around 200-240 Kd. These polypeptides are unreactive either 
with periodic acid-Schiff reagent or dansyl-hydrazine [28] stains, which reveal 
carbohydrates. 

DISCUSSION 

In this report, we present an improved method for the purification of cyto- 
plasmic dynein. The major improvements in the protocol, over previous methods, are 
the use of DE52 and phosphocellulose chromatography and the elimination of three 
lengthy dialysis steps and 16 to 18 hr of sucrose density gradient centrifugation. In 
addition, the protocol can be adapted such that reasonable quantities of the enzyme 
can be prepared from as little as 3-5 ml of packed dejellied sea urchin eggs, a 20-fold 
reduction over previous methods [lo], in only 2 days. 

The use of phosphocellulose chromatography is particularly interesting in view 
of the successful purification of standard microtubule-associated proteins (MAPs) and 
tubulin by this method [30]. Although MAP purification provided the rationale for 
fractionating cytoplasmic dynein on phosphocellulose, the enzyme behaves quite 
differently from typical MAPs. While egg dynein flows through the columns at 0.1 
M KCl and pH 6.8, MAPs elute only at much higher salt concentrations at neutral 
pH [14,31]. 

The instability of the dynein ATPase eluted from the phosphocellulose column 
could be completely eliminated by saturating the PC with Mgt + before use [ 141. 
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Williams and Detrich [I41 have clearly shown that PC sequesters Mg++,  and that 
this affects the stability and polymerization characteristics of tubulin purified by this 
method. There is some indication that dynein is also more stable when Mg++ is 
bound to the enzyme. Axonemal dynein isolated in the presence of Mg++ has a 
higher specific activity than EDTA-isolated dynein [31,32], and Mg+ + (or Ca++) is 
required for ATPase activation. In addition, axonemal dynein rebinding to microtu- 
bules is enhanced by higher Mg++ ion concentrations (around 4-5 mM) [33-351. 
Axonemal dynein, however, can be isolated and stored in an EDTA-containing buffer, 
lacking Mg++,  and retains activity; thus, it seems that cytoplasmic dynein is more 
sensitive to Mg+ + depletion, losing substantial activity in less than 18 hr. With regard 
to this magnesium sensitivity, it is interesting to note that addition of magnesium to 
the homogenization or Sepharose-4B elution buffers does not increase the quantity or 
activity of purified enzyme. Presumably, the egg contains sufficient Mgt + to saturate 
the enzyme, and this bound magnesium is only removed by the strong phosphocellu- 
lose chelation. 

One problem with the purification protocol is the low recovery of ATPase units. 
Part of the loss probably reflects the fact that not all of the ATPase activity in the 
original egg extract is cytoplasmic dynein. Other reasonable causes of enzyme loss 
are aggregation and adherance to surfaces, characteristics of dynein proteins that lead 
to denaturation. The rapid procedure eliminates some of this loss by decreasing the 
amount of dialysis and the number of transfers between vessels. In any case, the 
recovery is comparable to the 0.68% reported by Hisanaga and Sakai [lo] for 
H pulcherrimus. 

The purified egg cytoplasmic dynein is composed primarily of two high molec- 
ular weight polypeptides over 300 Kd. These are the same heavy chains originally 
identified by Pratt [4] ; however, the earlier preparation was only partially purified 
and contained comigrating contaminating proteins. In contrast to a previous report 
[4], these heavy chains do not appear to contain bound carbohydrate. The purified 
enzyme preparation also contains lower molecular weight polypeptides. Two of these, 
at 125-135 Kd and 65-75 Kd, are similar in size to flagellar dynein intermediate 
chains IC1 (125 Kd) and IC2 (75 Kd) [36]. Variable polypeptides around 200 Kd may 
be a stubborn contaminant, possibly yolk protein. Polypeptides of similar molecular 
weight can sometimes be seen in flagellar dynein preparation [36,37], however, and 
may be breakdown products of one of the dynein heavy chains. Hisanaga and Sakai 
[lo] reported that cytoplasmic dynein prepared from H pulcherrimus eggs was 
composed of a single high molecular weight polypeptide that comigrated with flagellar 
dynein A [ll]. It may be that the more complicated composition reported here is a 
result of silver staining the gels which not only reveals small quantities of protein 
[38], but also stains a slightly different constellation of polypeptides than Coomassie 
blue (CB). When the Strongylocentrotus sp egg dynein is stained with CB, the low 
molecular weight proteins are not visualized, but at least two high molecular weight 
bands are always seen. This suggests that the different protein composition may 
reflect species differences between the two sea urchins. 

The purified cytoplasmic dynein ATPase has a number of enzymatic properties 
in common with axonemal dynein [39]. The enzyme requires either Mg++ ions or 
Ca++ ions for activity, and the Mg++ATPase activity is inhibited by two flagellar 
dynein ATPase inhibitors, but not by inhibitors of Na+K+ATPase or mitochondria1 
ATPase. In addition, the cytoplasmic Mgi +ATPase activity is stimulated 5-6-fold by 
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calmodulin, in a calcium-dependent manner, as has been previously reported for both 
cytoplasmic dynein and flagellar 21s dynein [10,26] from H pulcherrimus. It is 
particularly significant that the degree of stimulation by Ca+ + -calmodulin increases 
with greater purification. These data support the hypothesis that CaM activation is 
the result of a direct interaction of cytoplasmic dynein and calmodulin, rather than an 
indirect effect modulated by a kinase which might phosphorylate the dynein [26]. The 
latter seems unlikely since the amount of a contaminating lunase should decrease 
rather than increase with greater purification. 

Murphy and co-workers [40,41] have recently identified an ATPase isolated 
from brain tissue that had previously been tentatively identified as a dyneinlike 
enzyme [42]. This ATPase is associated with membrane vesicles and has properties 
in common with mitochondria1 F1 ATPase [40,41]. Cytoplasmic dynein can be clearly 
distinguished from this ATPase since it is not associated with vesicles and it is only 
slightly inhibited by sodium azide, a potent inhibitor of the brain vesicle ATPase. 

The modified protocol that allows the rapid purification of cytoplasmic dynein 
from smaller quantities of eggs has several advantages. We find that freezing cyto- 
plasmic dynein perturbs some of the enzyme’s properties; thus it is useful to be able 
to prepare “fresh” enzyme once or twice a week. In addition, the rapid purification 
assures a more “native” enzyme that is suitable for structural studies, including 
scanning-transmission electron microscopy (STEM) [29]. The increased efficiency of 
the method now makes it feasible to investigate cytoplasmic dynein in other systems 
where starting material is limited, for example, isolated mitotic apparatus, tissue 
culture cells, and nerve axoplasm. 
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