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Thyroid Tubulin: Purification and Propertiest 

B. Bhattacharyya and J .  Wolff* 

ABSTRACT : Colchicine-binding protein was purified from beef 
thyroid glands with a procedure which allows isolation of this 
protein from a source low in tubulin. The protein dimer has a 
molecular weight of 114,000. Sodium dodecyl sulfate- 
acrylamide gel electrophoresis indicates that the subunits have 
molecular weights of 55,000 * 2000. Two monomeric sub- 
units were identified by urea-acrylamide gel electrophoresis. 
Amino acid analysis shows differences from other tubulins in 
lysine, aspartic, and glutamic acids contents. The protein 

A mple evidence has accumulated which indicates that 
tubulin, or the colchicine-binding protein of many tissues, is 
the subunit of the microtubule (Olmsted and Borisy, 1973). 
At the same time it has become apparent that colchicine 
interferes with the secretion of hormones and other cellular 
products and granule movement (Lacy et al., 1968; Malawista, 
1965; Williams and Wolff, 1970; Wolff and Williams, 1973). 
In the thyroid, colchicine and other agents that disaggregate 
microtubules inhibit TSH' and dibutyryl cyclic AMP-stimu- 
lated colloid droplet formation and 1311 release from the thy- 
roid gland (Williams and Wolff, 1970, 1972; Neve et a/.. 1972). 
The effect was specific in the sense that the hormone biosyn- 
thetic pathway and glucose-metabolizing reactions were un- 
disturbed by colchicine concentrations that totally abolished 
secretion (Wolff and Williams, 1973). By correlating the anti- 
secretory potency of various drugs with antimitotic potency 
and their ability to displace [ 3H]colchicine from the binding 
sites, it was established that this inhibition of secretion pro- 
duced by colchicine is most probably due to an effect on mi- 
crotubules and is connected with binding of this drug to a spe- 
cific site in the subunit tubulin. The mechanics of the par- 
ticipation of microtubules in the secretory process are difficult 
to specify. Unlike the microtubules of cilia, basal bodies, 
mitotic spindles, axons and even the pancreatic p cells, the 
microtubules of the thyroid gland show no obvious organi- 
zation into structures that might participate in mechanical 
events (Wolff and Williams, 1973). The question arose whether 
or not the "unorganized" tubules from thyroid tissue con- 
sist of tubulin that is identical with the well-characterized 
tubulins of brain or cilia. We therefore purified and charac- 
terized this protein from beef thyroid glands. 
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binds -0.85 mol of colchicine and contains 0.8 mol of alkali- 
labile phosphate/mol of dimer. Combination of colchicine 
with the tubulin dimer induces marked fluorescence at 430 nm. 
This constitutes a convenient method for studying colchicine 
binding. On the basis of molecular weight, subunits, sedimen- 
tation constant, amino acid composition, and colchicine- 
binding activity, the protein is very similar to the subunit 
protein of cilia, flagella, and brain tubules. 

Materials and Methods 

Materials. (NH&SOI was Mann Enzyme grade. GTP 
(Grade 11-S) was obtained from Sigma. Tritiated colchicine 
(ring C, meth~xy-~H) ,  a product of New England Nuclear 
Corp., had a specific activity of 2.5 Ci/mmol. All other chemi- 
cals used were of reagent grade. The standard buffer used in 
most experiments contained 0.01 M sodium phosphate-0.01 M 
MgCI, (pH 6.5) and 0.1 mM GTP and is called PMG. When 
0.25 M sucrose was present in the same buffer for homogeniza- 
tion it is called SPMG. 

Methods. Protein was determined by the method of Lowry 
et al. (1951). Crystalline bovine albumin was used as standard. 
For colchicine-binding assays the DEAE-cellulose filter disk 
method of Weisenberg et al. (1968) was used as modified by 
Williams and Wolff (1972). 

Disc gel electrophoresis was carried out in three different 
systems. (1) Sodium dodecyl sulfate-polyacrylamide gels 
were run as described by Weber and Osborn (1969) with 
phosphate buffer (pH 7.1). The gel contained 5 % acrylamide 
and 0.2 % bisacrylamide. The samples were run on a Buchler 
electrophoresis apparatus at a current of 4 mA/tube at 23" 
until the tracking dye reached the end of the gel. (2) Urea- 
polyacrylamide gels were made according to Everhart (1971) 
with the inclusion of 8 M urea in 5% polyacrylamide gels. 
Electrophoresis was performed at 400 V in 5 mM Tris-glycine 
buffer (pH 8.4) at 23". (3) Discontinuous buffer systems at 
different gel concentrations (5, 5.5, 6, and 6.5%;) were run 
according to Davis (1964), with 0.05 M Tris-glycine (pH 8.7) 
in the upper chamber, and 0.06 hi Tris-0.05 M HCl (pH 7.4) 
in the lower and 2.5 mA/tube at 23". In all gels, polymerization 
was initiated by the addition of Temed (N,N,N',N'-tetra- 
methylethylenediamine) and ammonium persulfate. The gels 
were stained with 0.02% Coomassie Brilliant Blue in 50% 
methanol and 9 % acetic acid and destained in 5 2 methanol 
and 7.5% acetic acid; they were scanned with a Gilford 
spectrophotometer equipped with a linear transport attach- 
ment. 
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For amino acid analysis protein samples were hydrolyzed 
in 6 M HC1 in sealed, evacuated tubes. The samples were 
maintained at 110" for 24, 48, and 72 hr and amino acid 
composition was determined with a Beckman Model 12OC 
instrument by the methods of Moore and Stein (1963) or 
Spackman et al. (1958); norleucine was used as internal 
standard. 

Total phosphate analysis of purified protein samples was 
carried out following the procedure of Ames and Dubin 
(1960). The alkali-labile phosphate content of purified protein 
was determined as described by Reddington et al. (1973). 

Fluorescence spectra were measured on a Perkin-Elmer 
fluorescence spectrophotometer, MPF-3, equipped with a 
Hitachi recorder. 

Purification of the Colchicine-Binding Protein. Bovine 
thyroid glands were kept on ice, trimmed free of fat and 
connective tissue, and chopped with a razor blade. Chopped 
material was then prehomogenized in SPMG solution (1 5 
ml/gland) in a Serval1 Omnimixer for 30 sec at full speed and 
then homogenized with Polytron homogenizer for 15 sec at 
one-third full speed. The homogenate was centrifuged at 
lO0,OOOg for 60 min, and the pellet was discarded. The super- 
natant solution was brought to 30 mM Ca2+ with CaCl?. 
After 10 min the solution was made 20 mM with respect to 
phosphate by addition of 0.2 M phosphate buffer (pH 6.5). 
The mixture was then adjusted to pH 7.4 by the dropwise addi- 
tion of 0.2 M NaOH. All these operations were performed at 0" 
with precooled solutions. The suspension was allowed to 
stand for 30 min and was centrifuged at 20,OOOg for 10 min 
at 4". The supernatant solution was discarded and the pellet 
was dissolved in PMG buffer containing 10 mM EGTA. The 
solution was brought to approximately 35 Z saturation at 0" 
by gradual addition over a 15-min period of 209 g of solid 
(NH&S04/1. of solution. The suspension was allowed to stand 
for 30 min and was centrifuged at 10,OOOg for 20 min. To the 
resulting supernatant solution 94 g of (NH&S04/1. was added 
to bring saturation to 50%. The suspension was allowed to 
stand for 30 min and was then centrifuged at 10,OOOg for 20 
min. The supernatant was discarded and the pellet was re- 
dissolved in 105 ml of PMG buffer/l. of original homogenate. 
This solution was dialyzed three times at 4" and 1 hr against 
about 1.3 1. of PMG buffer solution. 

The dialyzed solution was then applied to a DEAE-cellulose 
(Whatman DE-52) column (2.4 x 12 cm) which had been 
previously equilibrated with PMG buffer (PH 7.0). The column 
was eluted with PMG buffer and then with 0.2 M NaCl in the 
same buffer until the bulk of the protein had been eluted. 
The colchicine-binding protein was then eluted with a linear 
(0.2-0.8 M) NaCl gradient. The peak of microtubule protein 
appeared at approximately 0.54 M NaC1. 

Before being applied to a G-200 Sephadex column, the 
DEAE-purified protein was concentrated to l / d h  of its 
original volume by ultrafiltration at 30 psi of N? with a UM-10 
Amicon membrane. The concentrated protein was then puri- 
fied on a Sephadex G-200 column (1.4 x 50 cm) in PMG + 
0.1 M KC1 + 0.1 mM dithiothreitol (pH 7.0). 

Results 

Because of the high concentration of thyroglobulin in beef 
thyroids ( 4 0 %  of the soluble protein) and the low concentra- 
tion of tubulin, additional means of separating tubulin were 
sought. Since Wilson et al. (1970) had shown that Ca2+ ion, 
although not specific, tended to precipitate tubulin, the 
precipitation of thyroid proteins by Ca2+ was investigated in 
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FIGURE 1 : Calcium phosphate precipitation of colchicine-binding 
protein. (A) Increasing concentrations of CaClz were added to 10 ml 
of 100,OOOg supernatant solution of beef thyroid gland in SPMG 
buffer (pH 6.5). After 10 min, 0.2 M phosphate buffer (pH 6.5) was 
added to make the phosphate concentration 20 mM (the pH of the 
solution was adjusted to 7.4 at 0" with 0.2 M NaOH). The samples 
were allowed to stand for 30 min and were centrifuged at 20,OOOg 
for 10 min. The precipitates were dissolved in PMG buffer con- 
taining 10 mM EGTA. (B) 10 ml of 100,OoOg supernatant was 
brought to 30 mM with respect to CaCl, and 20 mM with respect to 
phosphate at different pH values. They were allowed to stand for 
30 min and were then centrifuged at 20,ooOg for 10 min. The pre- 
cipitates were dissolved in PMG buffer containing 10 mM EGTA. 
Colchicine-binding activity was determined for 1 hr at 37" with 
2X M [3H]colchicine. 

some detail. The addition of Ca2+ to a 100,OOOg supernatant 
extract of thyroid gland caused precipitation of the protein in 
a concentration- and pH-dependent manner. The yield could 
be markedly increased by the subsequent addition of phos- 
phate. Precipitation of colchicine-binding protein started 
above Ca2+ concentrations of 10 mM (Figure 1A). About 
50-55 of the total colchicine-binding protein precipitated 
at Ca*+ concentrations above 25 mM at pH 7.4. Complete 
precipitation took 35-45 min at 0". 

Maximum precipitation occurred near pH 7.4 (Figure 1B) 
at 30 mM calcium and decreased markedly as the pH was 
lowered. As seen in Figure 1 A,B, only 5 5  of the colchicine- 
binding protein originally present in the 100,OOOg supernatant 
extract was recovered in the redissolved precipitate. At higher 
pH the yield decreased and the specific activity of the pre- 
cipitated protein decreased. The calcium-precipitated material 
slowly redissolved when resuspended in 10 mM EGTA in 
PMG buffer at pH 7.0. Resuspension required large volumes of 
buffer to avoid turbidity. The purification of protein was 
approximately 7-fold at this stage with respect to the 100,OoOg 
supernatant. The (NH&S04 step led to a 2-fold additional 
purification. The ammonium sulfate precipitated material was 
dissolved in a minimum amount of PMG and was further 
purified on a DEAE-cellulose column (Figure 2). The bulk 
of the protein was eluted with 0.2 M NaCl. Tubulin was 
eluted with gradient of 0.2-0.8 M NaCl in PMG buffer. Very 
little colchicine-binding activity was eluted from the column 
until the salt concentration reached approximately 0.5 M. 

The colchicine binding fractions were pooled and concen- 
trated by ultrafiltration. Gel filtration of this material on 
Sephadex G-200 shows the presence of two peaks (Figure 3). 
The remaining thyroglobulin eluted in the void volume and 
the second component was identified as colchicine-binding 
protein. A summary of yields and purification of thyroid 
tubulin for the various steps is given in Table I. 

Disc gel electrophoresis of the Sephadex-purified material 
was performed in a discontinuous system. A single band only 
was detected even in overloaded gels. By use of different gel 
concentrations (Davis, 1964) the molecular weight of this 
material was calculated to be 114,000. This is in good agree- 
ment with the molecular weight determined for tubulin from 
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TABLE I : Purification of Colchicine-Binding Protein from Beef Thyroid Gland. 

Total Act. 
Act./ml" (cpm x Sp Act. 

Step Vol (ml) (cpmiml) 10-4) Total Protein (mg) (cpmimg) Yield (%) 
1. Homogenate 740 1900 141 178 x 103 7 . 9  100 
2. Soluble supernatant 400 3510 141 40 x 103 35.1 99.9 

4. (NH&S04 (35550%) 80 7650 61 1220 500.0 43 .5  
5 .  DEAE-cellulose column 91 3240 29 12 .0  24,500 21 .0  
6. Sephadex G-200 26 5300 14 8 . 0  17,500 10.0 

3. Calcium precipitate 315 2370 74 3030 246.0 53.0 

a Incubated for 15 min at  37" with 2.0 X 10-6 M [3H]colchicine. For step 6 activity was measured on eluates of a 0.9 X 35 cm 
column of Sephadex G-200 to increase elution rate and decrease loss of binding. 

other tissues and is also consistent with a sedimentation co- 
efficient of 5.8-6.0 S previously reported for the thyroid 
protein in sucrose density gradients (Williams and Wolff, 
1970). The subunit structure of thyroid tubulin was in- 
vestigated in sodium dodecyl sulfate and in urea gels. In 
sodium dodecyl sulfate, the microtubule protein ran as a 
single component (Figure 4a) with an apparent molecular 
weight of 55,000 rt 2000 as determined from a plot of the log 
of the molecular weight tis. mobility (Weber and Osborn, 
1969). It was found that no reduction is necessary to obtain 
subunits in the sodium dodecyl sulfate system, suggesting that 
subunits are not linked by disulfide bonds. 

Reduced and carboxymethylated (Crestfield et d., 1963) 
thyroid microtubule protein shows two closely spaced bands 
in 8 M urea-acrylamide gels in Tris-glycine buffer (Figure 4b). 
Electrophoretically distinguishable subunits have previously 
been observed in microtubule protein isolated from chick 
embryo brain (Bryan and Wilson, 1971), pig brain (Feit 
et ul.,  1971 ; Olmsted et al., 1971), and rat brain (Eipper, 1972). 
As in these studies, the thyroid subunits will be referred to as 
a and 13, where /3 is the more rapidly (anodally) migrating of 
the two components. The bands do not stain with equal 
intensity; an a :  ratio of 1.20 was obtained when scanned 
after staining with Coomassie Brilliant Blue. 

Colchicine Binding. Because Sephadex chromatography 
entailed considerable losses in colchicine binding, it was 

1 I I 

FRACTION NUMBER 

FIGURE 2: Chromatography of 3 5 5 0 %  (NH&SO4 fraction on 
DEAE-cellulose. 10 nil of solution containing 14 mg of protein/ml 
was applied to 2.4 X 12 cm column in PMG buffer (pH 7.0). The 
column was first eluted with PMG buffer, then 0.2 hi NaCI, and 
finally with a 0.2-0.8 hj NaCl gradient (- - - - -). The NaCl con- 
centration was calculated from conductivity measurements. Col- 
chicine-binding (0- -0)  activity was determined with 2.0 X M 
[ 3H]colchicine for 15  min at  37 '. 
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necessary to determine the stoichiometry of the protein- 
colchicine complex on the DEAE-purified material. When this 
was incubated at 37" with 5 x 10-6 M [3H]colchicine until 
completely equilibrated (Figure 5) ,  0.52 mol of colchicine was 
bound per 114,000 g of protein. The figure shows that the 
decay rate of the colchicine-binding site was negligible, hence 
corrections to zero time as employed by Wilson (1970) were 
not required. Higher concentrations of colchicine did not 
increase the amount of colchicine bound per dimer. To obtain 
the true colchicine :tubulin stoichiometry, the above value of 
0.52 mol of colchicine!ll4,000 g was corrected for the residual 
thyroglobulin contamination (as determined by Sephadex 
G-200). By this method, we calculate that 0.85 mol of col- 
chicine is bound per 114,000 g of thyroid tubulin. This value 
agrees with those obtained for brain tubulin (Weisenberg et a/.,  
1968; Bryan, 1972). 

Phosphate Analysis. For phosphate estimation protein 
samples were freed of buffer phosphate and GTP by the 
method of Eipper (1972). The purified microtubule protein 
from thyroid tissue contained 0.81 mol of phosphate/dimer, 
in agreement with the findings on brain protein (Eipper, 1972). 
These values are greater than those of Reddington and Lag- 
nado (1973). Although not identified as phosphoserine, 0.69 
mol of phosphate/mol of dimer could be liberated from the 
thyroid protein by treatment with 1.0 M NaOH at 37" for 18 
hr. Whether or not this phosphate was incorporated by any 
of the known protein kinases remains to be determined. It is 
clear, however, from the in citro polymerization experiments 
(Weisenberg, 1972; Borisy and Olmsted, 1972; Shelanski and 
Shelanski, 1973) that the phosphorylation reaction per se is 
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FlGURE 3: Gel filtration of the DEAE-purified protein on G-200 
Sephadex. The column (1.4 X 50 cm) was equilibrated and eluted 
with 0.1 M KC1 containing 0.1 mM dithiothreitol in PMG buffer 
(pH 7.0). A 2.5-ml sample was applied and 0.75-ml fractions were 
collected. 
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FIGURE 4: Disc gel electrophoresis of purified thyroid tuhulin. 
(A, left) Sodium dodecyl sulfate-acrylamidr gel elcclrophoresis of 
purified colchicine binding protein. Conditions as described in the 
text. (6. right) Urea-acrylamide gel electrophoresis oireduced and 
carboxymethylated subunits. Conditions as described in the text. 

not necessary for tubulin aggregation or disaggregation. 
Whether or  not the presence of covalently hound phosphate 
in tubulin is a precondition for its ability to  aggregate must 
still be determined. 

Aiiiino Arid Coinpo.silion. The amino acid composition 
(mean of two separate tubulin preparations) is shown in II, 
together with data obtained previously from different sources. 
Duplicate or triplicate analysis of the same protein and from 
two different lots of protein agreed within +2%, with a like 
error in the amino acid standards. The scrinc and threonine 
contents were corrected for hydrolytic loss. I t  is cvident that 
significant differences from other tubulins were found in 
lysine, aspartic, and glutamic acid. These cannot be ascribed 
to  thyroglobulin contamination since the arginine content of 

TABLE 11: Amino Acid Compositions of Various Tubulins 
(mol %I. 

Amino From 
Acids Thyroid rr I, c d ', 

LYS 8 . 2  3 . 9  6 .2  4 . 6  4 .3  3 .9  
His 2.3 2 . 4  2 . 3  2 . 7  2.4 2.2 
Arg 3 .2  4.4 5 . 3  4.9 5 .1  4 . 1  
Asp 13.3 10.3 Y.8 10.6 11 .0  11.1  
Thr 6 . 8  6 . 3  6.1 5 . 4  5 . 4  6.8 
Ser 5 . 3  5 . 9  5 .2  6 . 8  4 . 4  7 .3  
GI ti 17.5 14.2 13.2 13.0 13.0 13.5 

G ~ Y  7 .2  1 . Y  7 . 9  8 . 4  8 . 4  9 .1  
Ala 6 .2  7 .5  7 .8  1 . 3  7.5 1 . 6  
'i2-Cys 1 . 5  1.9 1 . 6  2.3 1 .5  2 . 4  
Val 5 .1  6 . 3  6 . 5  6 . 1  7 . 3  7 . 9  
Met 2.3 2 . 3  2.2 2 . 8  3 .2  1 .6  
Ile 3.9 4 . 5  4 .9  4 . 5  4.9  4 . 4  
Leu 6 . 9  7 . 1  8 . 5  7 . 3  7 . 5  7.2 
T Y ~  3 . 4  3 .9  2.9 3 . 4  3 . 1  3 .6  
Phe 4 . 0  4 . 8  3.9 4 . 1  4 . 0  4 . 8  
Trp 0 . 1  0 .8  

~~~~ ~ ~~ ~~~~ ~~ -~ ~~~ ~~~ ~~~~ 

Pro 5 . 2  5 .2  5.0 5 . 3  4 . 5  4 . 7  

~ ~ . .  . 

" From pig brain (Weisenberg er ul., 1968). ' From mouse 
neuroblastoma (Olmsted ef ul., 1Yl0). From squid axone 
(Davison and Huneeus, 1970). From bovine brain (Arai 
and Okuyama, 1973). 'From chick embryo brain (Bryan 
and Wilson, 1971). 

I 2 3 4 5 6  
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FIGURE 5 :  [3H]Colchicine binding to tubulin at different stages of 
purification as a function of time. 5 ml of each protein solution in 
PMG buffer (pH 7.0) was incubatrd with 5 x 10-b M [iH]colchicine: 
at different intervals 0.5 ml were taken out from each solution and 
bound colchicine was measured by the filter disk method of Weisen- 
berg cI ol .  (1968). I = crude I(Kl.0M~ superndtant, 2 = DEAE- 
purified protein, and 3 = (35-50%) (NH&S04 fraction. 

that protein is high, but is low in tubulin, etc. Furthermore, 
gel filtration removed the remaining traces of thyroglobulin 
(Figure 4a). Finally iodine analysis of the purified preparation 
yielded an iodine content of 4 . 0 2  pg/ml of protein. Even 
with an assumed iodine content of only 0.1 % for thyro- 
globulin, this would amount to no  more than 2z contamina- 
tion. These data also indicate that tubulin is not significantly 
iodinated in the thyroid gland. With the same analytical 
conditions used for thyroid tubulin, brain tubulin from the 
rat, prepared according to Weisenberg ri nl. (1968), yielded an 
amino acid analysis idcntical with that reportcd by these 
authors. 

It thus seems highly unlikely that contamination can ac- 
count for the amino acid differences and we are forced to  
conclude that the composition of thyroid tubulin has distinct 
amino acid sequences and is apparently more polar than other 
tubulins. The interesting question why tubulins from the same 
species but from dilrerent organs (see Table 11, column d) 
exhibit diffcrences in amino acid composition remains to be 
clarified. 

Fluorcsrmnce Spwlrum. Fluorescence of the tuhulin- 
colchicine complex was first noted by Arai and Okuyama 
(1913). Free colchicine has no fluorescence in H,O when 
excited a t  350 nm, but the protein-colchicine complex has 
high fluorescence with a maximum a t  430 nm. Figure 6A 
shows the e l k t  of protein concentration on fluorescence a t  
430 nm. A linear relationship is obtained between protein 
concentration and fluorescence intensity a t  430 nm. The pH 
optimum of fluorescence is found to  he 1.0 in phosphate 

1 1  I 1 ~ ~~~~ ~ L 1  ~ - - 1  , ~ ~ - - I L  
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F I G U R E  6: Fluoresceiice propertics of the tuhulin-colchicine com- 
plex. Fluorescence intensity was measured at 430 nm, with the 
activating wavelength set at 350 iim. (A) Tubes containing increas- 
ing quantities of protein were incubated with 1.23 X 1 O F  M col- 
chicine (pH 7.0) for I hr at 37'. ( 6 )  Tubes containing 3M) &g of 
prolein at different pH were incubated with 1.23 X M col- 
chicine for I hr at 37". (C)Tnbescontaining 300pg of proteinat pH 
7.0 were incubated with I .23 X IO-:' hi colchicine for different times 
a1 37". 
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buffer (Figure 6B). This pH optimum is characteristic of the 
tubulin-colchicine complex of brain and thyroid tubulins 
measured by binding of [ 3H]colchicine (Wilson, 1970; 
Williams and Wolff, 1973). Figure 6C shows the binding of 
colchicine as a funtion of time as studied by fluorescence. 
The binding is slow at 37" and takes several hours for equili- 
bration. This result agrees with those of Williams and Wolff 
(1972) in the case of intact thyroid tissue, Wilson (1970) in 
chick embryo brain, and Owellen et a/. (1972) in porcine brain 
tubulin, 

Discussion 

With the addition of several purification steps (calcium 
phosphate precipitation and Sephadex chromatography), it 
was possible to adapt the purification procedure (no. 1) of 
Weisenberg et a[. (1968) to thyroid tissue. A protein was ob- 
tained that was pure by disc gel electrophoretic criteria under 
several running conditions. On the basis of molecular weight 
of dimer and subunits, amino acid composition, fluorescence 
of the protein-colchicine complex, [ 3H]colchicine binding, and 
phosphate content, the protein is very similar to the protein 
obtained from other sources (Shelanski and Taylor, 1968; 
Weisenberg et a/.,  1968). The molecular weight of all tubulins 
so far purified ranges from 100,000 to 120,000 as analyzed by 
a variety of methods. The thyroid protein has a sedimentation 
coefficient of 5.8-6.0 S in sucrose gradients (Williams and 
Wolff, 1970) and a molecular weight of 114,000 as determined 
by disc gel electrophoresis, and thus falls into the above weight 
range. Similarly, the subunit molecular weight of 55,000 * 
2000 is in agreement with values reported by others (Bryan 
and Wilson, 1971; Feit et a/., 1971). Like the brain'and cilia 
systems, the subunits can be distinguished in urea gels as a 
more anodally migrating species (6 subunit) and a second, 
slower subunit (a  subunit). Recent findings of Eipper (1972) 
indicated that the native microtubule protein of rat brain is 
phosphorylated specifically on the subunit which may con- 
tribute to its higher mobility. Whether or not these subunits 
also exhibit small differences in molecular weights cannot be 
ascertained from the present data. 

In addition to these chemical similarities to other tubulins. 
many functional similarities of thyroid tubulin exist (Wolff and 
Williams, 1973): (1) slow equilibration with colchicine and 
slow onset of the inhibitory effect; (2) pH optimum for 
colchicine binding near 6.7-7.0; (3) high lability of the binding 
site and protection by Mg?+, GTP, and colchicine; (4) 
similar affinity of colchicine analogs and congeners for the 
binding site. It seems reasonable to conclude, therefore, that 
the biochemical properties that pertain to microtubules in a 
variety of tissues may be applicable to the secretory system of 
the thyroid gland. A satisfactory description of the role of 
tubulin or microtubules in the secretory process cannot, 
however, be drawn from other tissues because of major dif- 
ferences in microtubule distribution and because an under- 
standing of microtubule function in such tissues is equally 
vague at present. 

The present method has permitted determination of the 
colchicine :tubulin dimer stoichiometry as approaching I : 1. 
This is in agreement with reports for several other tubulins 
(Weisenberg et a/., 1968; Bryan, 1972; Owellen et al., 1972). 

The binding of colchicine to tubulin can be assessed by two 
general methods : binding of [ aH]colchicine (Weisenberg et a/ . ,  
1968) and fluorescence enhancement. It has been found 
that free colchicine exhibits no fluorescence when activated 
at its absorption maximum (A,,,,, 350 nm), but when combined 
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with tubulin it shows fluorescence in the visible region, char- 
acteristic of the tropolone ring of colchicine (A,,,,, 430 nm). 
Therefore, separation of free and bound colchicine is un- 
necessary. Moreover, at 350 nm there is no absorption from 
the protein, and the fluorescence measured at 430 nm reflects 
the colchicine complex alone and is thus specifically useful in 
studying the binding interaction. So far, the fluorescent and 
[ 3H]colchicine assessment of binding are in excellent agree- 
ment. 
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Molecular Characterization of Proteins in Detergent Solutionst 

Charles Tanford,**$ Yasuhiko Nozaki, Jacqueline A. Reynolds, and Shio Makinos 

ABSTRACT: The molecular weight and Stokes radius of a pro- 
tein in a detergent solution can be determined unambiguously 
by measurement of sedimentation equilibrium and sedimen- 
tation velocity, with analysis of the data by equations appro- 
priate for multicomponent systems. The procedure can be 
simplified without much loss of accuracy by use of a cal- 
culated buoyant density factor, and detergent partial specific 
volumes required for this calculation have been measured. 
The Stokes radius can be measured independently by gel ex- 
clusion chromatography and the molecular weight can then be 

T his paper describes procedures suitable for the deter- 
mination of the molecular weight and Stokes radius of pro- 
teins in detergent solutions. The procedures are intended pri- 
marily for the study of proteins that are only sparingly sol- 
uble in simple aqueous media, such as membrane proteins, 
and for detergent solutions in which these proteins are not 
grossly denatured. They are of course equally applicable to 
strong denaturing detergents, such as sodium dodecyl sulfate 
(SDS),l and can be used, for example, for the determination 
of the molecular weight of glycopolypeptides, which behave 
anomalously in SDS polyacrylamide gel electrophoresis. 

With application to membrane proteins in mind, allowance 
is made for possible inclusion of bound lipids with detergent- 
extracted proteins, and methods for obtaining the desired in- 
formation for incompletely purified proteins are considered. 
All of the procedures are adapted to minimize the amount of 
protein required: considerably less than 1 mg is needed for 
most of the measurements, and the same sample can often be 
used for more than one measurement. The emphasis on 
economy of material dictates a modest goal as regards ac- 
curacy, and we consider an accuracy of rt 5 in molecular 
weight and Stokes radius as satisfactory. 

Materials and Methods 

Marerials. SDS used for density measurements and for 

t From the Department of Biochemistry, Duke University Medical 
Center, Durham, North Carolina 27710. Receiced December 28, 1973. 
This work was supported by Research Grants GB-14844 from the 
National Science Foundation and AM-04576 from the U. S. Public 
Health Service. 

Z Research Career Awardee, National Institutes of Health, U. S .  
Public Health Service. 

$ On leave of absence from the Faculty of Science, Hokkaido Uni- 
versity, Sapporo, Japan. 

Abbreviations used are: SDS, sodium dodecyl sulfate; TTAC, 
tetradecyltrimethylammonium chloride; cmc critical micelle concentra- 
tion; DOC, sodium deoxycholate. 

determined by use of sedimentation velocity alone, which is of 
considerable advantage since gel chromatography and sedi- 
mentation velocity do not require as high a degree of protein 
purity as sedimentation equilibrium. A simplified procedure 
for calibration of gel chromatography columns is described, 
and the significance and interpretation of the Stokes radius are 
discussed. The most important procedures have been verified 
by experimental measurements using the AI apoprotein of 
human high density serum lipoprotein in several detergent 
solutions. 

chromatography was synthesized by the method of Emerson 
and Holtzer (1967). “Lauryl sodium sulfate” (Schwarz/Mann, 
Orangeburg, N. Y . )  was used for sedimentation studies, and 
it has been our experience that this product is generally similar 
to pure synthetic SDS. However, the same manufacturer pro- 
vides a product named “sodium lauryl sulfate,” which we 
have found to be of inferior quality and unsuitable for use in 
molecular characterization. 

Tetradecyltrimethylammonium chloride (TTAC) was pur- 
chased from Lachat Chemicals Inc., Chicago Heights, Ill., 
and twice recrystallized from methanol-ether ; sodium deoxy- 
cholate and Triton X-100 were the same preparations used 
previously (Makino er al., 1973); Triton N-101 was provided 
by Rohm and Haas Co.; other nonionic detergents were pur- 
chased from Sigma Chemical Corp., St. Louis, Mo. The com- 
mercial detergents were dried in a vacuum desiccator over 
P205,  and used without further purification. 

The preparation of the AI polypeptide chain of human high 
density lipoprotein is described elsewhere (Reynolds and 
Simon, 1974). 

Merhods. Density measurements were carried out using an 
Anton Paar precision densimeter, Model DMA 02C, at 
25.00”, maintained constant to within =t0.006”. Density mea- 
surements with this instrument have a precision of 2 X 
g/cm3, and this is essential if measurements are to be made at 
sufficiently low concentrations to permit an accurate evalua- 
tion of Dfor detergents both below and above the cmc. 

Sedimentation equilibrium and velocity measurements 
were made using a Beckman Model E analytical ultracentri- 
fuge, equipped with photoelectric scanner. A wavelength of 
280 nm was employed. Use of the photoelectric scanner makes 
it possible to use very low protein concentrations: initial pro- 
tein concentrations for the experiments of Table I1 were about 
0.2 mg/ml. Sedimentation equilibrium measurements are 
routinely made at several different rotor speeds, and the re- 
sults are discarded if self-consistent data are not obtained. 

Gel exclusion chromatography measurements were made at 
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