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Equilibrium Components of Tubulin Preparations? 

Jon S. Gethner,l George W. Flynn, Bruce J .  Berne, and Felicia Gaskin* 

ABSTRACT:  Laser light scattering techniques are  used to ex- 
amine the existence of a tubulin-ring or tubulin-aggregate 
equilibrium. Three principal components in addition to tubulin 
dimer have been observed. One large component having D ~ o , ~  
= 0.65 f 0.25 X IO-' cm2/s  is in equilibrium with tubulin 
(dimer) a t  4 "C. A second large component having D ~ o , ~  = 
0.74 f 0.05 X cm2/s is metastable a t  4 O C  and is formed 

T h e  possibility that a tubulin-aggregate equilibrium may be 
present is suggested by the observation (reported in the pre- 
ceding paper: Gethner et al., 1977a) of a large component 
having D ~ o , ~  - 0.55 X cm2/s in solutions which had been 
extensively centrifuged. In  this paper we consider, in particular, 
the existence of a tubulin-ring or tubulin-aggregate equilib- 
rium. W e  have examined the equilibrium state of the system 
prior to temperature-induced assembly into microtubules and 
after cold-induced disassembly of the microtubules. Three 
components are  described. Component A has D~o, . ,  5 3.2 X 
I 0-7 cm2/s. Component B has D ~ o . ~  = 0.65 X I 0-7 cm2/s and 
is found before temperature-induced assembly. Component 
C has D ~ O , ~  = 0.74 X 1 0-7 cm2/s and is found after temper- 
ature-induced assembly and disassembly. The possible iden- 
tities of the various aggregates are  discussed. Previously pro- 
posed mechanisms of assembly are  evaluated in view of our 
results and limitations upon possible in vitro assembly mech- 
anisms are  discussed. 
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' I n  this context, an aggregate specifically refers to a polymeric structure 
formed from tubulin (dimer) subunits. An aggregate may be a ring 
structure: however, no additional biochemical data are available to identify 
an aggregate as being a ring. A ring specifically refers to a polymeric 
structure observed in the light scattering experiments under conditions 
where rings have been shown to be present in substantial concentra- 
tions. 

when tubulin solutions a re  warmed to 36 "C and cooled back 
to 4 OC. The  properties of the component reported in the pre- 
vious paper (Gethner, J. s., Flynn, G.  W., Berne, B. J., and 
Gaskin, F. ( l977) ,  Biochemistry 16 (preceding paper in this 
issue)) to sediment a t  I O  S to 20 S are  shown to be consistent 
with a small, metastable aggregate of tubulin. 

Experimental Section 
Tubulin preparations and laser light scattering techniques 

are  described in the previous paper (Gethner et al., 1977a). 
Three additional tubulin samples were used in this work. 

(i) LSX (<60 S )  samples were prepared as described pre- 
viously for H S X  (<20 S) samples except that the sample was 
centrifuged for 20 min. 

(ii) H S X  (<20 S ) - M g  samples were prepared by adding 
MgCI2 to a concentration of 5 m M  after the protein was di- 
alyzed. Centrifugation was performed a t  4 "C following the 
procedures previously described for the preparation of a HSX 
(<20 S) sample. 

(iii) HSX (<20 S)-colchicine samples were prepared by 
adding colchicine to a concentration of 100 1 M  to the dialysis 
buffer before beginning the dialysis. Dialysis was carried out 
a t  4 "C in the dark. Except for the addition of colchicine, no 
modifications were made in the HSX (<20 S) preparation 
procedure. Two samples were prepared at  each concentration. 
One was kept a t  4 O C  the entire time. The other was incubated 
a t  26 O C  for 30 min, conditions usually sufficient to result in 
approximately 0.2 mol of colchicine bound per mol of tubulin 
dimer (F. Gaskin, unpublished data). The sample was then 
cooled to 4 OC for 30 min before centrifuging. 

Sedimentation velocity experiments were performed owa 
HSX (<20 S) sample containing only 0.1 m M  G T P  at  4 O C  

in a Spinco Model E ultracentrifuge operated a t  40 000 rpm. 
Velocity profiles were scanned by measuring ,4280 for the 
sample contained in a double-sector cell. (Laser light scattering 
measurements on samples containing 0.1 mM G T P  gave the 
same results as  samples containing 1 m M  GTP.) 

Results 

Components in Solutions Centrifuged to Remove 20 S 
( 1  ) Analysis at 4 "C, 9 "C, and in the Presence of Colchicine 

at 4 "C.  Data is shown in Table I for a variety of samples pre- 
pared at 4 "C under conditions such that structures having S 
L 20 should not be present. in Table I is the average dif- 
fusion constant (0) for a two component mixture a t  4 O C  which 
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TABLE I: Diffusion Constants of Tubulin Samples at 4 OC. 
- 

Sample Concn D N x i 0 7 u  D ~ X I O ~ U  
no. (mg/mL) (cm2/s) (cm2/s) 

DIO-I 1.76 I .23 0.694 
D 10-2 1.60 I .36 0.788 

D13-1 1.48 1.17 0.688 
D13-2 0.89 2.33 0.746 

D15-Ib I .72 1.76 1.83 
D15-2h 1.02 1.97 2.38 

D2O- 1 1.79 I .48 0.756 
D2O-2 0.94 2.20 0.8 19 
D20-3 0.68 2.08 0.753 
D20-4 0.57 2.20 0.666 

D20-5' 3.6 1.46 I .03 
D2O-6" 1.7 I S O  I .50 
- 

' I  Dr\; is the average diffusion constant for solutions which have been 
maintained at 4 1 C  since completion of the last centrifugation step 
to remove 20 S. D R  is the average diffusion constant for the same so- 
lution which has been warmed to 36 " C  for 30 min and thencooled 
back to 4 OC for at least 15 min prior to the measurement of DR. The 
values in the table are averages of two or three measurements per- 
formed on the same sample. Any single measurement deviates from 
the average by no more than 7% in all cases. Dialysis buffer plus 100 
p M  colchicine. Buffer is IO-?  M 2-(N-morpholino)ethanesulfonic 
acid, pH 6.55, containing 5 X I.I MgClz and I O - 4  M EGTA. 

has not been temperature cycled since centrifugation. Cor- 
rection of & to obtain an estimate for the diffusion constant 
of the small component present gives D' = 2.86 X cm2/s 
( u  = 0.62 X cm2/s). Tubulin (dimer) is expected to have 
D z o , ~  = 4.7 X cm2/s  (Gethner et al., 1977a). The fact 
that Df < D(tubulin) is a consequence of the presence of a 
component which we will call component A. The presence of 
component A in these solgions does not influence conclusions 
arrived a t  by changes in D b .  

The correlation functions obtained for the samples before 
recycling were resolved into slow and fast exponential decays. 
D1o.R = 0.65 f 0.25 X cm2/s has been obtained? for the 
large component, which we call component 9. This value is 
different from the value ( D ~ o , ~  - 0.55 X cmz/s) reported 
in the preceding paper for similar samples probably due to the 
limited number of samples run to obtain the present value. 
Analytical ultracentrifugation was attempted on HSX (<20 
S) samples a t  4 OC and suggested the presence of a small 
amount of protein sedimenting rapidly relative to tubulin. 
Instrumental limitations prevented an accurate determination 
of a value of its sedimentation constant. However, the data 
obtained were consistent with a structure sedimenting between 
20 S and 40 S. 

as a function of total protein concen- 
tration reveals a decrease in a t  higher protein concentra- 
tions. This is consistent with a shift in an equilibrium for a 
reaction of the form 

Examination of 

4 oc 
n(dimer) ==G (dimer), 

DU approaches 2.2 X IO-' cm2/s  a t  concentrations less than 
I .  1 mg/mL. This limit which is less than the diffusion constant 

- 

The error limit includes the maximum and minimum values of D ~ , I . ~ ,  
obtained from the entire set of data. This value is the same as D ~ o . ~  re- 
ported for the large component found in HSX (<20 s) solutions in  the 
preceding paper. 

for tubulin dimer is presumably just due to the presence of 
component A which has D ~ o , ~  I 3.2 X IO-' cm2/s .  

The  effect of temperature was investigated in a tempera- 
ture-jump experiment from 4.1 " C  to 9.1 "C.  Correlation 
functions were measured at  the two temperatures. To  within 
experimental error, was independent of temperature. This 
is contrary to what would be expected if  an equilibrium is 
present. However, examination of semilogarithmic plots of the 
correlation functions reveals qualitative changes which could 
be consistent with an equilibrium model even though the 
changes are  not observed in the value of 0. 

One further test for an equilibrium is to examine the effect 
of a perturbation by binding colchicine to the tubulin (dimer). 
At a protein concentration of 1.72 mg/mL and in the presence 
of colchicine, D ~ o , ~  = 1.78 X IO-' cm2/s. This value is slightly 
larger than for a HSX (<20 S) sample containing component 
B a t  such a protein concentration. Multiple exponential be- 
havior is resolvable, however, indicating that a large component 
(probably component 9) is present a t  a lower relative con- 
centration. The larger value of observed with colchicine is 
thus consistent with the binding of colchicine to tubulin re- 
sulting in a shift in the tubulin-component B equilibrium away 
from the formation of the aggregate. A sample containing 100 
pM colchicine at  a lower protein concentration (1.02 mg/mL) 
has a slightly larger diffusion constant (7i10,, = 1.97 X I OW7 
cm'ls). This is precisely what is expected i f  a tubulin-colchi- 
cine equilibrium exists in competition with the tubulin-ag- 
gregate equilibrium. These results do not exclude the possibility 
of the formation of a colchicine-induced structure. In fact, the 
presence of a colchicine-induced structure in addition to an 
equilibrium aggregate may explain why for the 1 .O mg/mL 
sample is slightly smaller than 5 for sample D20-2 (Table 
1) .  

(2) Analysis after Raising the Sample  to 36 "C' and Re- 
turning to 4 "C. The samples shown in Table I were warmed 
to 36 " C  for 30 min and then cooled back to 4 "C. Using 
electron microscopy, assembly of the tubulin into microtubules 
a t  36 "C was verified in all cases. Cooling a solution containing 
microtubules back to 4 "C resulted in diassembly of the mi- 
crotubules. The diffusion constants obtained from th_e samples 
after cooling back to 4 "C are  shown in Table I as D K .  A sig- 
nificant increase in the turbidity of the sample accompanied 
the decrease i n  Bw to BR indicating an increase in the con- 
centration of high molecular weight components. Correlation 
functions obtained from these samples were dominated by the 
presence of the slow exponential decay. Multiple exponential 
behavior is evident; however, the small contribution of the fast 
exponential to the correlation function makes the fast expo- 
nential impossible to resolve. From the values of BR, we find 
Dz~.R = 0.738 X cm'/s) for a 
component C. To within experimental error this is the same 
as obtained for the large component B present i n  the non- 
temperature-cycled samples, though it appears to be experi- 
mentally slightly larger. After recycling, D K  and the turbidity 
were constant for a t  least 6 h. These results indicate that a t  4 
"C component C is metastable and is effectively not in equi- 
librium with tubulin (dimer). Analysis of electron micrographs 
suggests slightly more aggregation in the temperature-cycled 
solution than in the non-temperature-cycled solution. However, 
neither contained double rings. 

cm?/s  ( a  = 0.052 X 

~~~ 

Computer generated data are discussed elsewhere in uhich i t  i b  ap- 
parent t h a t  graphical presentation of data may reveal changes N hich arc  
not apparent when the data are reduced to a single parameter in a com- 
puter fit (Gethner,  1976). This is especially true w h e n  t h e  dat;i are  being 
fit to a power series expansion which effectively calculates the  value of the 
first derivative a t  t = 0. 
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The actual structure formed after temperature recyclization 
may be sensitive to the buffer conditions. Table I also contains 
data  obtained from tubulin which had been dialyzed against 
a low ionic strength buffer. The correlation functions obtained 
for these samples, D20-5 and D20-6, after temperature cycling 
are  dominated by the presence of the slow exponential. How- 
ever, DR = l .03 X cm2/s  indicates that  a more compact 
hydrodynamic structure has formed in the modified buffer. 
Samples prepared with colchicine present a t  a concentration 
of 100 p M  d o  not exhibit any significant changes upon tem- 
perature cycling. It should be noted that tubulin is not capable 
of assembly in the modified buffer or in 100 p M  colchicine. 

Ring Containing Solutions 
Several groups have reported that ring-like structures are  

present in tubulin preparations. Though the solution conditions 
reported a re  different from our H S X  solutions, the diffusion 
constants we have obtained for components B and C are  not 
too different from what would be expected for a ring structure 
(Gethner, 1976). W e  therefore examined solutions under 
conditions generally believed to contain a significant concen- 
tration of ring components. 

Low speed extracts were prepared under conditions to pellet 
60 S. The light scattering resulted in correlation functions 
characteristic of a heterogeneous solution. I n  most cases clear 
evidence of double exponential behavior was not obtained. At 
4 “C,  D ~ o , ~  = 0.61 X cm2/s  was found. The  reproduc- 
ibility of the experiments on different preparations is extremely 
good, especially when compared with H S X  preparations. 
Weak angular dependence of was found indicating the 
presence of a t  least some fairly large anisotropic particles 
(Gethner, 1976). In 2 out of 5 LSX (<60 S) preparations a t  
4 OC, double rings similar to those described by Kirschner et 
al. ( 1  974) were found using electron microscopy. All samples 
assembled into microtubules a t  37 O C .  After recycling back 
to 4 O C  all samples contained double rings and D~o, . ,  = 0.52 
x IO-’ cm2/s. 

High concentrations of Mg2+ and Ca2+ induce the forma- 
tion of rings (Weisenberg and Timasheff, 1970; Weingarten 
et ai., 1974; Kirschner e t  al., 1974; Frigon and Timasheff, 
1975a). Our samples routinely contain only 0.5 m M  MgC12. 
In  the presence of 5 m M  MgCl2 the amount of protein in the 
pellet was somewhat greater when centrifuged to remove 20 
S. This is consistent with Mg2+ inducing the formation of large 
aggregates. Scattering from the supernatants containing 5 mM 
MgClz was observed after a t  least 2 h had elapsed since cen- 
trifugation. The results of two determinations for samples 
prepared in an identical manner on different days did not agree. 
Solution 1 shows = 0.7 X cm2/s. Solution 2, however, 
shows = 2.1 X cm2/s with no tendency to decrease with 
time. Warming the solution 2 to 36 OC for 1 h (assembly does 
not take place due to the high Mg2+ concentration) and then 
observing the scattering a t  4 O C  after cooling back down re- 
veals an irreversible change to a = 0.6 X 1 0-7 cm2/s. Count 
rate data  a re  consistent with solutions 1 and 2 (recycled) 
containing the same components. There is some indication that 
the large component formed in solution 2 (recycled) may be 
sensitive to the laser illumination. 

Discussion 
The  use of laser light scattering techniques to characterize 

the in vitro tubulin self-assembly system has resulted in the 
identification of several components other than 6s tubulin 
dimer. These components a re  indicated in Figure I .  

Component A. I f  component A were an oligomer of tubulin 

TUBULIN AGGREGATE 
? ,,,$~c~z (Component B! IComponent A! *- 

AGGREGATE 

oz0 5 3 2x10- 1 cm’ sec O Z O H  = 065X10-’cmZ sec j 36’C 
TUBULIN 

lDlFFERENT CONFORMATIONI 

~ 4’C 
i 

AGGREGATE 
IComponent - CI 

Dz0 w =  0 74x10- ’cm‘isec 

FIGURE I :  Summary of the components in tubulin preparations. The  
equilibria shown are a t  4 ‘C. Although nontubulin high molecular weight 
proteins are present, they are not explicitly included in the present scheme 
since we do not know if  they exist freely or a re  complexed with other 
components or tubulin (see Discussion section). 

dimer, we estimate it would contain 3-5 tubulin dimers. 
[Application of the Svedberg equation and using D~o,., = 3.2 
X IO-’ cm2/s, 10 S 5 s I 20 S, 5 = 0.736 (Lee and Timasheff, 
1974), we find 290 000 I M I 580 000.1 

Component A might also be explained by an average over 
several small oligomers of tubulin. I n  fact, Frigon and Ti- 
masheff (1975a,b) have recently reported evidence for a 26- 
step association reaction of tubulin into a closed “ring” and at  
low tubulin concentration only the first few steps may con- 
tribute. Because of instrumental limitations, it is not possible 
to distinguish between the case of a multi-step equilibrium and 
a tubulin-oligomer mixture. No concentration dependence of 
the diffusion constant for component A was found (see Gethner 
e t  al., 1977a). If component A is an oligomer of tubulin and 
a multi-step equilibrium is present in addition, the contribution 
of the oligomer to the correlation function must be large 
enough to obscure the shift of the equilibrium as  the concen- 
tration is decreased. W e  have attempted to shift the equilib- 
rium, if present, by observing these samples in the presence of 
100 pM colchicine and under conditions of high salt (Gethner, 
1976; Gethner et al., 1977b). The small component formed was 
found to be stable with respect to dissociation by these meth- 
ods. 

A third possibility is that component A is a nontubulin 
component such as  the high molecular weight ( H M W )  pro- 
tein(s) of about 350 000 that copurify through several cycles 
of assembly and disassembly (Gaskin et al., 1974). The H M W  
proteins form the filamentous coating seen on tubules (Dentler 
et al., 1975; Murphy and Borisy, 1975) and may also promote 
the formation of ring structures (Vallee and Borisy, 1976). 
H M W  proteins are  present to approximately the same extent 
in HSX (<lOS) and HSX (<20 S) samples. Thus it is unlikely 
that the component preferentially sedimented is H M W  pro- 
tein. 

The fact that component A is present after purification in- 
volving an assembly/disassembly procedure suggests that if  
component A is not a metastable aggregate of tubulin, it is 
either incorporated into the microtubule or associated to it. By 
considering the amplitude of component A relative to tubulin 
dimer, we estimate that component A may account for as much 
as 10% of the protein present (Gethner, 1976). 

Components B and C. While components B and C exhibit 
experimentally similar values for their diffusion constants, 
equilibrium considerations suggest that they are different. At 
4 OC, both before and after temperature cycling, both the av- 
erage diffusion constant and the intensity of scattered light are 
constant for a t  least 6 h. However, the substantially greater 
intensity of scattering after recycling indicates an increase in 
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the concentration of a large component. These results suggest 
that components B and C are distinct and that the component 
formed upon temperature cycling is metastable a t  4 OC. 

Although their measured diffusion constants are consistent 
with those expected for rings or spirals, components B and C 
may well be other aggregates of tubulin. Tubulin dimer has 
been shown to undergo a conformational change at  tempera- 
tures greater than 20 OC (Ventilla et al., 1972). Thus i t  is 
possible that the high temperature conformation allows a 
structure to form which does not readily disassemble when the 
temperature is lowered. It is also possible that the metastable 
aggregates formed a t  high temperature or after disassembly 
result from the formation of intermolecular disulfide bonds 
(Mellon and Rebhun, 1976). Preliminary experiments using 
mercaptoethanol and glutathione to block the formation of 
intermolecular bonds suggest that such a mechanism is not 
responsible for the aggregate formation which we observe (F.  
Gaskin, unpublished data) .  Since trace impurities present in  
glycerol have been reported to be responsible for intermolecular 
cross-linking of proteins (Bello and Bello, 1976), the possibility 
must be considered that either or both of components B and 
C form as a result of the fact that glycerol has been used to 
prepare our solutions and trace amounts of glycerol remain 
after dialysis. Such a nonspecific cross-linking reaction may 
account for the formation of component C at  high temperature. 
The existence of an equilibrium between tubulin and compo- 
nent B argures that a nonspecific cross-linking is not respon- 
sible for the formation of component B. 

Role of the Components. Before discussing the nature and 
possible role of these components in  the assembly of tubulin, 
we %ant to point out that there is little evidence to support the 
hypothesis by Kirschner et al. ( 1  974) and Erickson ( I  974) that 
rings and spirals are  the key intermediates in microtubule as- 
sembly. In fact recent data  from several laboratories suggest 
that assembly can occur quite well in  the absence of rings and 
spirals and that oligomeric intermediates may be important 
(Weisenberg, 1974; Frigon and Timasheff, 1975a,b; Doenges 
et al.,  1977). Studies on vinblastine-induced tubulin assembly 
show an accumulation of a component in the 9- 15s range 
before assembly into rings, spirals, and helices (Weisenberg 
and Timasheff, 1974: Venrilla et al.,  1975). Our component 
A has a 10 S I s I 20 S and may be a critical nucleation in- 
termediate similar to that found for vinblastine-induced tubulin 
assembly. Using electron microscopy we find no double rings 
or spirals in our high speed extracts a t  4 O C  before assembly 
and after disassembly. This suggests that they are not required 
for assembly and are not a breakdown product of disassembled 
microtubules. However, we must keep in mind the possibility 
that electron microscopy is not sensitive enough to detect a 
trace amount of rings. Since the low speed extracts frequently 
contain double rings and spirals, it would seem plausible that 
a component bound to the rings or spiral is necessary for its 
formation and removal of the double ring by centrifugation 
would also remove a component necessary for ring formation. 
Microtubules formed from highly centrifuged solutions would 
not be expected to contain double rings upon tubule disas- 
sembly. Two possibilities for a component necessary for ring 
formation are H M W  proteins or the T protein (Weingarten 
et al., 1975). H M W  proteins are present to approximately 6% 
in all our <20S and <lOS supernatants (based on polyacryl- 
amide gel analysis). This implies that the H M W  protein(s) is 
not the required component for the double ring to form or is 
not in high enough concentration in our high speed extracts to 
promote double ring formation. The  amount of component B 
formed may thus be limited by the H M W  protein present. Our 
gel electrophoresis system is not good enough to quantitate T 

protein. However, since T has been reported to be necessary for 
tubule elongation (Witman et al., 1976) as well as initiation 
(Weingarten et al., 1975) in similar tubulin preparations, we 
expect that T is present in  all preparations capable of assem- 
bly. 

Summary 
We have found that tubulin solutions prepared by the 

method of Shelanski et al. (1973) are highly heterogeneous and 
contain at  least three components i n  addition to tubulin 
(dimer). One of the components is apparently i n  equilibrium 
with tubulin (dimer) and could, therefore, be important in  the 
details of tubulin assembly. Two of the components arc ap- 
parently metastable and their presence may influence the 
amount of tubulin which is competent to assemble in a prep- 
aration. 

Though we cannot rule out the presence of a trace concen- 
tration of rings or spirals, our results suggest that assembly may 
be capable of proceeding by a mechanism which does not re- 
quire double rings or spirals as intermediates. 
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The Shape of Myosin Subfragment- 1. An Equivalent Oblate Ellipsoid 
Model Based on Hydrodynamic Properties? 

Jen Tsi Yang* and Chuen-Shang C. Wu 

ABSTRACT: The molecular weights of the two heads of myosin 
subfragment-I, S-I(A1) and S-l(A2), based on sedimentation 
equilibrium are 120 000 and 1 I O  000. Hydrodynamically, the 
two heads a re  indistinguishable, with intrinsic viscosity, [ V I ,  
of 0.064-0.065 dL/g  and sedimentation coefficient, ~ ~ 2 0 , ~ ~  of 
5.8 S. Together with the rotational correlation time taken from 

T h e  cross-section of striated muscle fibers shows that the 
thick filaments of myosin a re  arranged in a hexagonal lattice 
and each filament is surrounded by six thin filaments of actin 
(Huxley, 1969). The two heads of myosin known as subfrag- 
ment-l constitute the cross-bridges linking the heavy and thin 
filaments; the heads are  believed to be functionally different 
and are  termed as  S-I(A1) and S-1 (A2) (Weeds and Taylor, 
1975), but the shape of the molecules remains to be solved. 

Recently, the methods of preparation for muscle proteins 
and their enzymatically digested fragments have been much 
modified. In  this work we determine the molecular weights and 
hydrodynamic properties of myosin S- 1 ( A I )  and S-1 (A2) 
rather than those of their mixture. Traditionally, globular 
proteins a re  approximated by the prolate ellipsoids of revolu- 
tion, although sperm whale myoglobin, the first protein whose 
structure was solved by x-ray diffraction methods, has di- 
mensions of 44 X 44 X 24 A3 (quoted by Dickerson and Geis, 
1969), which is equivalent to an oblate model having an axial 
ratio of about two. We will show that the myosin subfrag- 
ment-l molecule hydrodynamically fits an oblate model better 
than a prolate one. 

Experimental Section 
Preparation of Proteins. Myosin from the back muscle of 

rabbit was prepared as  mentioned previously (Wu and Yang, 
1976), but without the purification step on a DEAE-Sephadex 
column.' The protein in 50% glycerol, 20 m M  Tris-HCI, 0.5 
M KCI, and 0.5 m M  dithioerythritol (pH 6.8) was stored a t  
-40 OC. The stock solution was diluted with 10 vol of cold 
water before use and centrifuged; the precipitate was redis- 
solved in a n  appropriate buffer. 

Myosin subfragment-I (S- I )  was obtained by digesting 

+ From Cardiovascular Research Institute and Department of  Bio- 
chemistry and Biophysics, University of California, San  Francisco, Cal- 
ifornia 94143. ReceioedMuy / I .  1977. This work wasaided by U S .  Public 
Health Service Grants GM-10880 and HL-06285 (Program Project). 

' Abbreviations used are:  DEAE, diethylaminoethyl; Tris, tris(hy- 
droxymethy1)aminomethane: EDTA, ethylenediaminetetraacetic acid; 
EPR, electron paramagnetic resonance. 

the literature (235 ns), all three hydrodynamic properties can 
be better fitted with an equivalent oblate ellipsoid of revolution 
than a prolate model. The  width of the equatorial axis of the 
ellipsoid is about 135 8, (the axial ratio is about 6). Probably, 
the S-l ( A l )  and S-1 (A2) molecules have a half-doughnutlike 
or a flattened pearlike shape rather than an elongated one. 

myosin filaments with a-chymotrypsin (Weeds and Taylor, 
1975), and the two myosin heads, S-l(A1) and S-l(A2),  were 
separated on two columns: a DEAE-cellulose (Whatman DE 
52) column for S - l ( A I )  and impure S-l(A2),  followed by 
rechromatographing the latter fraction on a CM-cellulose 
(Bio-Rad Cellex CM) column to obtain S-l (A2). Both purified 
fractions were concentrated on an Amicon filter XM 50 and 
dialyzed against 0.1 M NaCI, 20 m M  sodium phosphate 
buffer, 1 m M  EDTA, and 0.5 mM dithioerythritol (pH 7.0). 
Sodium azide ( 1  mM) was added to prevent bacterial 
growth. 

Disc gel electrophoresis in a nondissociating buffer was done 
on 5% polyacrylamide gels without sample gel and stacking 
gel (Davis, 1964). Sodium dodecyl sulfate gel electrophoresis 
was carried out on 10% gel with 50 mM sodium phosphate 
buffer (pH 7.0) (Weber and Osborn, 1969). 

Methods. Viscosities were measured in a suspension-type 
Ubbelohde capillary viscometer (specially made by our 
glassblower). The solvent flow time were about 21 00 s at 5 OC 
and 1200 s a t  25 "C. The data were treated according to the 
equation: 

( t  - to)/roC = [ ~ l u n c o r r  + k ' [ ~ I u n c o r r ~ C  

where t and t o  are  the flow times of the solution and solvent, 
C is the protein concentration, and k' is a constant. Because 
myosin S-l has low intrinsic viscosities, we used long solvent 
flow time to improve the precision of the data. Even for the 
most dilute solutions used, ( t  - t o )  was a t  least more than 35 
s. The protein concentrations based on the micro-Kjeldahl 
method, assuming a 16% nitrogen content, ranged from 0.5 to 
I .3%. The intrinsic viscosity is further corrected for the density 
difference between solution and solvent by (Tanford, 1955): 

[ V I  = [ ~ l u n c o r r  + ( 1  - f j p ) / 1 0 0  

where U is the partial specific volume of the protein and p the 
solvent density. The density correction amounts to about 
+0.003 dL/g.  

Sedimentation velocity a t  5 and 25 "C and sedimentation 
equilibrium a t  5 "C were studied with a Spinco Model E an- 
alytical ultracentrifuge. The schlieren patterns showed a single, 
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