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Kinetics and Mechanism of Colchicine Binding to Tubulin: 
Evidence for Ligand-Induced Conformational Change? 

Donita L. Garland 

ABSTRACT: The kinetics of tubulin-colchicine complex for- 
mation were reinvestigated using both isotopic labeling and 
fluorcscencc techniques. The time course for association is 
composed of a relatively fast step, which is responsible for most 
of the reaction, followed by a slower step, which accounted for 
5- IO% of the bound colchicine. The origin of the slow step is 
not known. Analysis of the fast step showed that, under 
pseudo-first-order conditions, rate constants for association. 
kI,bad,  increased linearly with both increasing colchicine and 
tubulin concentration and then deviated from linearity a t  high 
concentrations. Plots of (kobsd - k-$' vs. concentration-I 
were linear. The simplest mechanism that can explain the data 
1s: 

h i  k z  

A - i  k - 2  
P + c +PC --'(PC)' 

Kinetic constants were obtained by computer curve fitting of 
the data. These yield an equilibrium constant for the rapid 
equilibrium step K I  = 6 X lo3 M-I: k z  = (2-3) X I O 3  s-l and 
k - ?  = (5--9) X s-' .  The rate constant for thedissociation 
of the tubulin-colchicine complex determined by the isotopic 

T h e  binding of colchicine, an antimiotic drug, to tubulin has 
been studied extensively because colchicine prevents the as- 
sembly and causes the disassembly of microtubules both in vivo 
and in vitro (Inoue, 1952; Taylor, 1965: Olmsted and Borisy, 
1973). The results of these studies revealed the following. ( I )  
Colchicine binds to the tubulin heterodimer, but binding to the 
intact microtubule has not been demonstrated (Weisenberg 
et al., 1968; Shelanski and Taylor, 1968: Wilson and Meza, 
1973). (2) For each tubulin dimer, there exists only one tight 
colchicine binding site (Bryan, 1972, Owellen et al., 1972: 
Wilson and Bryan, 1974). However, the location of this binding 
sitc on the tubulin dimer is not known. Recent work of Schmitt 
and Atlas (1977) suggests that the high-affinity site may be 
on the ( Y  subunit. (3) Tubulins isolated from widely diverse 
sources exhibit very similar colchicine binding properties 
(Wilson and Friedkin, 1967; Borisy and Taylor, 1967; She- 
lanski and Taylor, 1967; Weisenberg et al., 1968: Wilson, 1970; 
Bhattacharyya and Wolff, 1974a). (4) The rate of colchicine 
binding to brain tubulin is slow. with an apparent rate constant 
01' -10' M-' s - I  as determined by an isotopic labeling tech- 
nique (Boris) and Taylor. 1967: Wilson, 1970: Garland and 
Teller. 1975. Sherline et al., 1975; McCIure and Paulson, 
1977). 

I n  order to understand the role of colchicine in microtubule 
disassembly, a reinvestigation of the kinetics of tubulin-col- 
chicinc complex formation using both radioactive isotopic la- 
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labeling method was 5.3 X s- ' .  Therefore, k - 2  is the 
rate-limiting step for colchicine dissociation from the tubu- 
lin-colchicine complex. The dependency of kobsd  on solvent 
viscosity was determined using sucrose to vary the viscosity. 
At low colchicine concentrations the apparent second-order 
rate constant is decreased with increasing viscosity, whereas 
a t  high colchicine concentrations the rate dependency on vis- 
cosity is significantly reduced. The fluorescence enhancement 
observed when colchicine binds to tubulin is a consequence of 
the colchicine-induced conformational change step. Tubulin 
prepared by cycles of polymerization-depolymerization was 
separated into two molecular weight species [ Weingarten, M. 
D., Suter, M. M., Littman, D. R., and Kirschner, M.  W .  
( l974) ,  Biochemistry 13, 55291, peak 1 containing the high- 
molecular-weight species and peak 2 consisting only of tubulin 
dimers. The apparent second-order rate constants for associ- 
ation of colchicine to tubulin in both peaks were essentially the 
same, 1.7 and 1.4 X IO' M-' S K I ,  respectively. When tubulin 
was preincubated with colchicine prior to chromatography. 
bound colchicine was only found in peak 2 as the tubulin 
dimer. 

beling and fluorescence techniques was done. The data thus 
obtained can be explained by a mechanism which requires a 
colchicine-induced protein conformational change step. In fact, 
the results indicate that this ligand-induced conformational 
change step is essential for obtaining the nearly irreversible 
binding of colchicine which is believed to be the cause for 
shifting the assembled microtubules to the dissociated form. 

Materials and Methods 
Colchicine [ring C, m e t h ~ x y - ~ H ]  was obtained from New 

England Nuclear. Guanosine 5'-triphosphate, colchicine, and 
Pipes' were purchased from Sigma. Porcine brains were pro- 
vided by USDA Research Center, Beltsville, Md. Hydromix 
wzas purchased from Yorktown. 

Protein Preparation. Porcine brain tubulin was prepared 
by a modified method of Shelanski et al. (1973). The cerebrum, 
cleaned of the meninges and washed, was homogenized ( 1  : I ,  
w/v) in 50 mM Pipes buffer, pH 6.9, containing 1 m M  G T P  
and I mM EGTA. Homogenization was done for 1.5 min i n  
a Virtis homogenizer. The homogenate was centrifuged for 75 
min at  80 OOOg a t  4 OC and the pellet was discarded. Glycerol 
was added to the supernatant to give a final concentration of 
25%, and the sample was incubated for 35 min at  37 "C. After 
centrifugation at  80 OOOg for 1 h at  30 "C. the supernatant a a s  
discarded. The pellet was resuspended in buffer and left on ice 
for 45 min. This was centrifuged at  80 OOOg for 45 min. The 

I Abbreviations used: GTP. guanosine 5'-triphosphate: Pipes. piperu- 
7ine-.Y,:~'-bis(2-ethanesulfonic .icid): EGTA. ethylene giqcol bis(d- 
aniinoethyl ether)-N,,V'-tetraacetic acid; NaDodSOj. aodium dodec) 1 
sulfate; DEAE, diethylaminoethyl. 
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supernatant was incubated for 25 min at  37 O C  and centrifuged 
at  80 OOOg for 1 h. This pellet was frozen in liquid nitrogen and 
stored a t  -75 O C .  T o  prepare for use the pellet was resus- 
pended in 50 m M  Pipes buffer containing 0.8 M sucrose, 0.2 
m M  GTP, and 1.8 m M  CaC12. The sample remained on ice for 
45 min and was centrifuged at  100 OOOg for 30 min. At  this 
stage the sample contained about 80% tubulin, 15% high- 
molecular-weight proteins, and several minor protein bands 
as revealed by NaDodS04-polyacrylamide electrophoresis. 

Tubulin obtained from two cycles of polymerization-de- 
polymerization was further purified by chromatography on 
DEAE Bio-Gel A. The sample was added to a column equili- 
brated with 50 m M  Pipes buffer containing 0.2 m M  G T P  and 
0.05 M NaCI. Protein was eluted from the column with a linear 
salt gradient of NaCl (0.05-0.4 M). Alternatively, the sample 
obtained from two cycles of polymerization-depolymerization 
was fractionated on Bio-Gel A-1 5m into two size species, one 
containing the high-molecular-weight proteins and a second 
containing only tubulin 6 s  dimers (Weingarten et al., 1974). 
Protein obtained from the ion-exchange column and that in 
peak 2 from the gel-filtration column was a t  least 95% tubulin. 
N o  high-molecular-weight proteins were present. The stoi- 
chiometry of colchicine binding was measured on the 6 s  tub- 
ulin fraction eluted from the Bio-Gel A-1 5m column. As de- 
termined from Scatchard plots of binding data, 0.7 mol of 
colchicine bound per mol of tubulin dimer. 

[ 3H] Colchicine Binding Assay. An aliquot of [3H]colchicine 
was dried with a stream of nitrogen. Unlabeled colchicine was 
then added to obtain the desired specific activity. 

Tubulin-bound [3H]colchicine was measured by binding to 
Whatman DE-23 ion-exchange cellulose (Harris and Teller, 
1973). Columns containing 0.5 mL of ion-exchange cellulose 
were equilibrated with I O  mL of buffer. Samples of 50- IO0 
p L  were added and they were immediately washed with 1.5 mL 
of buffer to remove unbound colchicine. The cellulose was 
quantitatively transferred to 15 mL of Hydromix scintillant 
for counting. 

Fluorescence Measurements. Colchicine binding to tubulin 
was also monitored by measuring the enhancement of the 
colchicine fluorescence which occurs upon its binding to tubulin 
(Arai and Okuyama, 1973). Fluorescence measurements were 
made using a Hitachi-Perkin-Elmer MPF-2A spectrofluo- 
rometer equipped with a Hewlett-Packard 7004B X-Y re- 
corder and a homemade voltage offset circuit. All measure- 
ments were made at  37 OC. Constant temperature was main- 
tained using a thermostated cell holder and a constant-tem- 
perature circulating bath. The fluorescence emission of the 
tubulin-colchicine complex was measured with an excitation 
wavelength of 380 nm to yield an emission spectrum with a 
maximum at  440 nm. 

Isotopic Tracer Measurements. The rate of dissociation of 
the tubulin-colchicine complex was monitored by determining 
the loss of [3H]colchicine from the t~bul in-[~H]colchicine 
complex (Garland and Teller, 1975). In this experiment, 
tubulin was incubated with 50 p M  tritiated colchicine a t  37 
O C  for 2 h. The sample was gel filtered on a Bio-Gel P-IO 
column to remove unbound [3H]colchicine. Portions of the 
protein fraction were reincubated with either ( I )  50 pM 
[3H]colchicine of the same specific activity as that used in the 
initial incubation, (2) 50 p M  unlabeled colchicine, or (3) buffer 
alone. In all three cases, samples were assayed for bound 
[3H]colchicine at  various time intervals for up to 12  h. This 
experimental design is based on a simplified binding scheme 
(Scheme I), where P, P', and P" are active tubulin and inactive 
tubulin transformed from P and tubulin-colchicine complex, 
PC, respectively; C is colchicine; and ki is the rate constant for 
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the designated step. The rate observed for the loss of bound 
[3H]colchicine in the presence of added [3H]colchicine (case 
1) was equal to kd', the rate of irreversible loss of colchicine 
binding activity due to the conversion of PC to P" + C. In case 
2 where unlabeled colchicine was added, the rate measured for 
the loss of [3H]colchicine is a function of k, and kd'. 

The rate of [3H]c~lchicine dissociation observed for case 3 
where no colchicine was added is a function of k , ,  kd' and kd. 
The value of k d ,  the rate constant for converting P to P' in the 
absence of colchicine, was determined as follows: tubulin was 
incubated a t  37 O C ,  and, a t  intervals, fractions were removed 
and to these 50 p M  of [3H]colchicine was added. These sam- 
ples were reincubated for 1 h a t  37 O C  and assayed for bound 
[ 3H]colchicine. 

Data Treatment. Unless it is specified, the kinetic data were 
obtained at  37 OC under pseudo-first-order conditions. The 
observed first-order rate constants were analyzed based on the 
simplest mechanism possible for explaining the data. The 
mechanisms considered involved a one- and a two-step binding 
process (Rhee and Chock, 1976). The one-step reaction is: 

where kl and k-l are forward and reverse rate constants, re- 
spectively. Under the pseudo-first-order conditions, e.g., [Cjo 
>> [PI0 ([Clo and [PI0 are the total concentrations of C and 
P added, respectively), the observed rate constant is predicted 
to be a linear function of [Clo, as shown by eq 2. 

kobsd = kl[C10 k- l  ( 2 )  
A two-step reaction mechanism can involve either a tubulin 

isomerization step (eq 3) or a colchicine-induced tubulin 
conformational change step as described i n  eq 4. 

k i  A 2  

A - 1  A - 2  

A I  k 2  

P P' + c + P'C (3) 

P + C + P C + ( P C ) '  (4) 

When [C]O >> [P]o, with the steady-state assumption, the 
observed pseudo-first-order rate constants for the reactions 
described by eq 3 and 4 are  given in eq 5 and 6, respectively. 

A - 1  h - 2  

Since only one exponential function within the interested time 
range was observed whether [C]O or [PI0 was in excess, it 
implies that k-1 >> k I for mechanism 3, and eq 5 can be fur- 
ther simplified. 

I f  the tubulin isomerization step in eq 3 proceeds via a rapid 
equilibrium mechanism, then eq 5 becomes 

Equation 6 can be simplified to eq 8 when k-1 >> k2, 

(7) 
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-ri\HL.t: I. Predicted Dependence of k&d on Reac tan t  
Concentrat ion.  

( I )  P t c e P C  linear l inear 
( 2 )  P - P P ' + C = P ' C  nonlinear l inear 
( 3 )  P + c -= P C  5 (PC) '  nonlinear nonlinear 
cxptl  obsd nonlinear nonlinear 
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F I G U R E  I :  Fluorescence change for the formation of the tubulin-col- 
chicine complex. Buffer contains 50 m M  Pipes, 0.2 m M  GTP.  2 mM 
CnC12.0.8 M sucrose. pH 6.9. Colchicine was 80 pM and tubulin was I .8 
pM. The inset is the plot of In ( F ,  - F t )  vs. time, where F ,  is the tluo- 
rcsccncc at the maximum and F ,  is the fluorescence at  time t .  The dotted 
line is a plot of the data and the solid line is a plot of the fluorescent data  
after the slow increase has been subtracted.  Excitation wavelength was 
3x0 nm: emission wavelength was 440 nm. 

with K ,  = kl1k- l .  
When experiments were performed with [PI0 >> [C],. the 

mechanism described by eq 4 would yield a similar k&ad ex- 
pression as that described by eq 9 with [PI0 as the variable. 
With the mechanism described by eq 3, k&ad is predicted to 
be a linear function of [PI0 when ( I )  rapid equilibrium is as- 
sumed for the isomerization step (eq 9) 

or (2 )  when the isomerization step is rate limiting. In Table I 
the predicted dependence of kobad on either the colchicine or 
tubulin concentration is indicated for the limiting conditions 
when [C]O >> [PI0 and [PI0 >> [C]O, respectively, for the 
mechanisms described by eq I ,  3. and 4. All data analysis was 
performed with a PDP I O  computer using an interactive 
curve-fitting and graphic program. 

Results 
Hutes of Colchicine Binding. Both radiolabeled colchicine 

and fluorcscence techniques were utilized to monitor the rate 
of tubulin-colchicine complex formation. Figure 1 depicts a 
time course observed for the fluorescence enhancement a t  440 
nm due to colchicine binding under the condition that [C]o >> 
[ P]o. The reaction was composed of two parts: an initial rela- 
tively rapid reaction which is responsible for 90 to 95% of the 
total signal change, followed by a slow fluorescence change 
which accounts for 5 to 10% of the total reaction amplitude. 
The existence of two reaction times was also indicated by the 
nonlinear first-order plot (dashed line) shown in the inset. 
When the slow fluorescence change was subtracted from the 
total reaction amplitude, a linear first-order plot was obtained 
(sec inset) from which kobad was determined. A similar time 
course was observed when the reaction was monitored by the 
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F l G L R E  2: Binding of [3H]colchicine to tubulin. Buffer conditions are  
the same as in Figure I .  Colchicine uas  I pM and tubulin uas 20 pM. The 
inset is a plot of In ([PC],, - [PC],)  vs. time, Nhere [PC], is the con- 
centration of tubulin-colchicine complex at  the maximum and [PC],  is 
the concentration a t  time f .  
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F-IGLKE 3: The rate of tubulin -colchicine complex formation as a function 
of colchicine concentration. Binding uiis determined b) ( A )  the isotopic 
method and (B) monitoring lluorescence change. Experimental condltions 
were the aanie as Figure I ,  Measurement5 Mere made at 37 C.  The inset 
is the data plotted 215 (kubrd - L 2 ) - I  \ \ ,  [colchicine]-'. The solid line i \  
;I theoretical f i t  of the dnt,l 

formation of tubulin- [3H]colchic~ne under conditions where 
[C]o >> [P]o. The slow reaction described above *as not ob- 
served by either the fluorescence technique or the radiolabeled 
colchicine method when [PI0 >> [C]O (Figure 2). i n  these ex- 
periments, 2 mM CaCI? was present to prevent polymerization. 
The value for kobrd  was calculated from the slope of the first- 
order plot depicted i n  the inset of Figure 2. 

Figure 3A,B demonstrates the dependence of the computed 
kobsd on colchicine concentration when [C]O >> [P]o. The data 
derived from either the isotopic method (Figure 3A) or the 
fluorescence technique (Figure 3B) show that kob,d increases 
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TABLE 11. Kinetic Constants for a Two-step Binding Scheme.O 
K I  ( M - ' )  k2 (s- l )  k-2 (s-') K ,  (calcd) K ,  (titrat)c 

fluorescence 3.8 x 103 2.8 x IO-' 9.3 x 10-6 1.1 x 107 
[3H]colchicine, [C], >> [PI0 6 X lo3 1.9 X IO-' 8.3 X 1.4 x 107 2 x  106 

[3H]colchicine, [PI0 >> [C]O 5.6 x 103 2.4 X 5.2 X I O w 6  2.3 x 107 
5.3 x 10-6 d 

Measurements were made under the buffer conditions described in Figure 1 ,  The constants were computed according to eq 8. K ,  was 
K ,  was determined from a Scatchard plot under the same experimental calculated from the computed kinetic constants, K ,  = ( K l k 2 ) / k - * ,  

conditions (Garland and Teller, 1975). k ,  was experimentally measured (see Materials and Methods.) 

1.501 1 

TUBULIN, p M  

FIGURE 4: The rates of tubulin-[3H]colchicine complex formation as 
a function of tubulin concentration. For experimental conditions, see 
Figure I .  The inset is a plot of (kobsd - k-2 ) - '  vs. tubulin pM-'  for the 
same data. The solid line is a theoretical fit of the data. 

linearly with increasing colchicine concentration and then 
deviates from linearity a t  high colchicine levels. 

The results of computer curve fitting show that the data best 
fit a rate expression described by eq 8, as demonstrated by the 
solid line in Figure 3A,B. The rate and equilibrium constants 
thus computed are  tabulated in Table 11. Furthermore, as 
predicted by eq 8, a h e a r  plot was obtained when (kobsd - 
k-l)-I was plotted against [Clo-l (see inset of Figure 3A,B). 
When [PI0 >> [ c ] ~ ,  kobsd is proportional to [ p ] ~  a t  low tubulin 
concentration and again it deviates from linearity a t  high 
tubulin concentration (Figure 4). The data were best described 
by eq 8 with [PI0 substituted for [Clo, as  shown by the solid 
line in Figure 4. The rate and equilibrium constants evaluated 
are in good agreement with those obtained under the conditions 
when [C], >> [PI0 (Table 11). 

Rate of Colchicine Dissociation. Table 1 shows that k-2,  
as determined by colchicine-binding studies, is very small, e.g., 
(5-9) X s-l. Therefore, k-2 is likely the rate-limiting step 
for colchicine dissociation from the tubulin-colchicine com- 
plex. To  confirm this thesis, the rate constant for the disso- 
ciation of the tubulin-colchicine complex, k ,  (Scheme I ) ,  was 
determined with the isotopic experiment described under 
Materials and Methods. The experiments were designed such 
that k ,  determined was corrected for the irreversible loss of 
colchicine-binding activity of tubulin in the presence and ab- 
sence of colchicine. The same values were obtained whether 
no colchicine, 50 p M  unlabeled colchicine, or 1 m M  unlabeled 
colchicine was added prior to the second incubation (tubulin 
was first incubated with 50 P M  [3H]coIchicine). In  the pres- 
ence of 0.8 M sucrose, kd' and k ,  computed are 4.2 X 1 Oe6 and 
(5.3 f 1.6) X s-l, respectively. The rate for the irre- 

FIGURE 5:  Dependence of the observed rate constants on the  solvent 
viscosity. Rates were measured at (0) 15 and ( 0 )  83 p M  colchicine by 
monitoring fluorescence. Solvent viscosity was changed using sucrose from 
0 to 1.5 M. 

versible loss of colchicine-binding activity in the absence of 
colchicine, kd, is 4 X s-], which is considerably faster than 
that observed for tubulin in the tubulin-colchicine complex. 

Similar results were obtained when colchicine binding sites 
were initially saturated with unlabeled colchicine followed by 
incubation with [3H]colchicine. These measurements were 
done in the presence of 1 M sucrose. In these experiments, 
[3H]colchicine was exchanged into the protein fraction at  a 
rate comparable to k, .  In addition, k ,  measured for the crude 
supernatants was the same as that determined for tubulin 
obtained from two cycles of polymerization-depolymeriza- 
tion. Identical k ,  values were also obtained in the absence of 
sucrose and when vinblastine was added to stabilize the tubulin 
against the loss of colchicine-binding activity. When the pu- 
rified 6s tubulin dimer (see later) was studied, a k ,  of 5.8 X 

Viscosity and the Apparent Second-Order Rate Constants. 
When a reaction proceeds via a mechanism described by either 
eq 1 or 3 with kz as the rate-limiting step, the second-order rate 
constant will be strongly dependent on the viscosity of the 
solvent. To determine the effect of viscosity on the second-order 
rate constant, the reaction was studied in the presence of var- 
ious concentrations of sucrose (0-1.5 M). Sucrose was used 
instead of glycerol to vary the viscosity, because a t  the con- 
centrations of tubulin used glycerol induces polymerization 
of tubulin into microtubules whereas sucrose does not (as 
judged by turbidity measurements a t  350 nm). Figure 5 depicts 
the dependence of the apparent second-order rate constants 
on the relative viscosity of the solvent when 15 (opened circles) 
and 83  p M  (closed circles) colchicine reacted with 1.8 p M  
tubulin (binding sites). The reaction was monitored by the 
fluorescefice enhancement due to the formation of tubulin- 

s-' was obtained. 
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I IGLKL. 6 :  Elution profile of tubulin on a Bio-Gel .A-I 5ni column after 
binding ['H]colchicine. The protein * a s  incubated with [3H]colchicine 
ror 1 h 'it 37 'C and placed onto the column: ( 0 )  absorbance 280 nm: ( A )  
colchicine binding activity: (0)  specific activity, cpm/OD. The peak of 
absorbance after fraction 50 represents free GTP.  

colchicine complex. At 15 pM colchicine, which is in the range 
of concentration where the rate of colchicine binding is es- 
sentially proportional to colchicine concentration (see Figure 
3).  the apparent second-order rate constant is inversely pro- 
portional to the viscosity of the solvent. At a high concentration 
of colchicine (83 pM),  which is in the range where the rate of 
complex formation is no longer directly proportional to col- 
chicine concentration (see Figure 3) ,  the dependence of the 
second-order rate constant on viscosity is significantly re- 
duced. 

Colchicine Binding to Peaks 1 and 2 from Bio-Gel A 
Chromatography. It has previously been shown that tubulin 
purified by cycles of polymerization-depolymerization was 
resolved into two molecular weight species by gel filtration 
(Weingarten et al., 1974). The first peak was composed of 
structures containing tubulin and high-molecular-weight 
proteins and the second peak was composed entirely of 6s 
tubulin dimers. Since the tubulin preparation used here was 
obtained by this same purification procedure, colchicine- 
binding properties of both molecular weight species were 
further investigated. 

Approximately 40% of the total protein, as determined by 
the absorbance at  280 nm, and 20% of the total colchicine- 
binding activity were found in the first peak, while the second 
peak, which was identified as the 6 s  dimer, accounted for 80% 
of the total colchicine-binding activity. This observation is in 
accord with work reported by Kirschner et al. (1974). By 
means of the fluorescence technique, the rates of colchicine 
binding to tubulin in peaks 1 and 2 were measured with 20 pM 
colchicine ( i n  excess) in  50 m M  Pipes buffer, pH 6.9, con- 
taining 2 mM CaC12 and 0.2 mM GTP.  The k&d evaluated 
are 3.4 and 2.8 X 10-3s-I for peaks 1 and 2, respectively. 
When tubulin was incubated with a saturating concentration 
of [3tl]colchicine prior to fractionation on Bio-Gel A-I  5m, 
only 20% of the protein and essentially no colchicine-binding 
activity was eluted in peak 1 .  Almost all of the colchicine- 
binding activity eluted from the column as 6 s  dimers in peak 
2 (Figure 6 ) .  

Finall). an attempt was made to characterize the slow re- 
action observed when [C], >> [P]o, which accounts for 5-10% 
of the total signal change. The results of these experiments 
show that the s l o ~  reaction was always observed with no sig- 
nificant change in amplitude. even when the reaction conditions 
nere  varied as folloas: ( 1 )  The tubulin used was from either 
peaks 1 o r  2 resolved by the Bio-Gel A-1 5m chromatography: 
( 2 )  the tubulin \$\.;is prepared by two cycles of polymeriza- 

tion-depolymerization i n  the presence or absence of'glqcerol: 
(3) the tubulin was obtained after the DEAE chromatographic 
step; (4) the reaction mixture wa5 supplementcd with either 
sucrose. dithiothreitol, o r . u p  to 0.25 M NaCI: and ( 5 )  the 
tubulin was subjected to Millipore filtration just prior to 
assa)ing to remove any aggregates. However, it is possible t h a t  
this slow reaction is derived from tubulin aggregates which 
form during the reaction or from heterogeneity of  the tubulin 
used. 

Discussion 
The kinetic data in Figures 3 and 4 show that the pseudo- 

first-order rate constant, k , ,b ,d ,  is not a linear function ofcol- 
chicine or tubulin concentration: therefore. formation of  the 
tubulin-colchicine complex cannot occur by ;I simple bi- 
molecular reaction mechanism as described in eq I .  To explain 
these kinetic data, a reaction rnechanism involving a minimum 
of two steps is required. Equations 3 and 4 describe the two 
likely two-step mechanisms, one involves isomerization of 
tubulin prior to colchicine binding and the other involves a 
colchicine-induced change i n  the conformation of tubulin. 

An initial burst of binding h a s  not observed for the tubu- 
lin-colchicine complex formation. even when [PI" >> IC],,. 
Accordingly, at least 95% of the tubulin would be in the P form 
if eq 3 were the correct mechanism, and. therefore, k-1 >> X 1 .  

It follows that. a t  low [C],, k z [ C ] o  >> k-1 and the kobhd would 
be a linear function of [PI" as described by eq 9. This prediction 
is inconsistent with the data shown in Figure 4. Therefore, a 
mechanism in which tubulin isomerization occurs prior to 
colchicine addition is contraindicated. 

For the colchicine-induced protein conformational change 
mechanism, kot,\d should be a nonlinear function of the col- 
chicine concentration [C],,, when [C]" >> [PI0 (eq 8)  and of 
the tubulin concentration when [PI" >> [C],, (Table I ) .  The 
data in Figures 3 and 4 are therefore in accord k v i t h  the 
mechanism described in eq 4. Equation 8 was used to compute 
the values of k z ,  k - 2 ,  and K i  (Table 11) .  These values show 
good agreement between the two methods used. I f  k 1 is dif- 
fusion controlled, e.g., -5 X IO7  M- '  s-' (Eigen and Hamnics. 
1963). k - ,  can be calculated from K1 to be - I  X I O 4  s - l .  

which is equivalent to a half-time of 70 p s  for the dissociation 
of the PC complex. Since the rate constants obtained using the 
fluorescent technique are essentiall> the same as those obtained 
by the isotopic method which required a lengthy washing 
procedure to remove free colchicine, both techniques must be 
monitoring the stable (PC)' complex. Therefore, the observcd 
fluorescence enhancement observed when colchicine binds to 
tubulin is probablq due to the conformational change. 

The data in Table I 1  show that the values of K l ,  XI, and X - 2  

obtained when [C], >> [PI0 arc in good agreement ui th  those 
obtained when [PI0 >> [C]o. This i \  strong evidence in support 
of  the colchicine-induced tubulin conformational change 
mechanism and is inconsistent \+ i t h  the previous proposal that 
colchicine binding proceeds v i a  a simple bimolecular reactioii 
mechanism (Sherline et al.. 1975). The evidence for the prc- 
viously proposed mechanism is that the observed rate for col- 
chicine binding is linear with respect to the concentration of 
both colchicine and tubulin hhen they were varied up to 4 p M .  
Within this concentration range. the same linear function \\:I\ 

observed in this report: ho\4ever. at a high concentration range. 
kobhd has clearly deviated from linearity (Figures 3 and 4 ) .  I n  
addition. the viscositq effect on the reaction rate is much mort 
pronounced when the colchicine concentration is maintained 
within the linear range ( I S  pM) compared to that observed 
with a higher colchicine concentration (85 pM) \+hen the ratc 
is no longer directl! proportional to [ C ] , ,  (Figure 5 ) .  This i 4  
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consistent with the ligand-induced fit mechanism in which the 
rate-limiting step shifts from the initial binding step a t  a low 
colchicine level to the conformational change step a t  a high 
colchicine concentration. Furthermore, the ligand-induced fit 
mechanism also reconciles the slow colchicine binding rate 
observed, which is several orders of magnitude slower than the 
expected rate for the direct ligand binding to protein (Eigen 
and Hammes, 1963). 

The k ,  determined from the direct isotopic method with 6 s  
dimer (5.8 X IO-(' s - I )  agrees very well with the computed 
value of k-2  (Table 11). This is essentially the same as the value 
of k ,  determined with tubulin in crude supernatants or for the 
protein obtained from cycles of polymerization-depolymer- 
ization. These results indicate that k-2 is the rate-limiting step 
for colchicine dissociation from its tubulin complex, and the 
tubulin in the complex is the 6s dimer. The k ,  values reported 
here are in good agreement with the value of 8.1 X s-I 
reported by McClure and Paulson ( 1  977) for rat brain tubulin 
and somewhat higher than the value of 2.5 X s-I reported 
by Sherline et al. (1975). The equilibrium constant calculated 
from the kinetic parameters is in the range of 1 . I  to 2.3 X I O 7  
M-' (Table I )  which is considerably higher than the value of 
2 X I O 6  M-l obtained from direct-binding studies under the 
same experimental conditions (Garland, 1975). To date, values 
reported for this equilibrium constant vary,from 0.7 to 3 X I O 6  
M-' (Borisy and Taylor, 1967: Bryan, 1972; Owellen et al., 
1972; Wilson and Meza, 1973; Bhattacharyya and Wolff, 
1974b; Sherline et al., 1975). The discrepancy between the 
equilibrium constant calculated from the kinetic parameters 
and that obtained from direct binding studies has been reported 
previously (Garland and Teller, 1975; Sherline et al., 1975). 
Sherline et al. ( 1  975) explained this discrepancy on the basis 
of the decay of colchicine-binding activity during the lengthy 
incubation time required to reach equilibrium. Under the ex- 
perimental conditions reported here, the half-time for decay 
of colchicine binding activity of tubulin in the complex is about 
90 h. However, the decay of free tubulin is much faster, t 1 / 2  
is 9 h. I n  fact, this slow decay of tubulin in the complex should 
not significantly alter the results; however, the decay of free 
tubulin would have a much greater effect for obtaining a low 
association constant. It appears the loss of binding activity 
during attainment of equilibrium is a reasonable explanation 
for the discrepancy between the equilibrium constants derived 
from thermodynamic and kinetic data. Thus, the equilibrium 
constant calculated from kinetic parameters is probably a more 
accurate measure of the binding constant. 

The equilibrium constant for the equilibrium between PC 
and (PC)' (eq 4) was calculated from k2 and k-2 to be 3.2 X 
lo3, which yields a So value of -5 kcal/mol for this con- 
formational change step at  37 O C .  This suggests that the col- 
chicine-induced conformational change step is responsible for 
the nearly irreversible colchicine-binding phenomenon. 

The apparent second-order rate constants for the association 
of colchicine to peaks 1 and 2 (20 FM colchicine) are  essen- 
tially the same as that calculated for the cycle-purified tubulin 
(Figure 5). I n  addition, the same k ,  was observed for the dis- 
sociation of colchicine from the cycle-purified tubulin and peak 
2 tubulin. These data suggest that colchicine is likely bound 
only to the dimer (peak 2) and thereby shifts the equilibrium 
between peaks 1 and 2 to the colchicine-induced dimer form. 
This thesis is supported by the fact that when colchicine was 
incubated with tubulin prior to fractionation on Bio-Gel A-I 5m 
all the tubulin-bound colchicine was eluted in peak 2. The 
protein remaining in peak I consists primarily of the high- 
molecular-weight proteins and some tubulin which may be in 
the form of aggregates. The tubulin species present in peak 1 

prior to colchicine addition is believed to exist as an interme- 
diate structure involved in the assembly of microtubules (Bo- 
risy et al., 1975; Kirschner et al., 1974). Hence, when colchi- 
cine binds to the tubulin dimer, it shifts the equilibrium from 
the intermediate structure to the dimer. These data do not 
discount an alternative mechanism in which colchicine binds 
first to tubulin in the intermediate structure to form a primary 
complex whose conversion to (PC)' causes the shift to the free 
dimer. 

These results are in essence similar to those previously re- 
ported by Borisy et al. ( 1  975) where colchicine causes the 
dissolution of the intermediate structures. The results are 
somewhat different from those of Penningroth and Kirschner 
(1977) who report that colchicine binds to ring structures found 
in peak 1 (Weingarten et al., 1974) and to 6 s  dimers a t  the 
same rate but that there is no conversion of the structures to 
dimers. Rings were not observed by electron microscopic 
analysis of peak 1 reported here. 

Additional studies are necessary to determine if  colchicine 
can bind to tubulin in microtubules or i f  the colchicine site is 
blocked. Only limited disassembly occurs a t  less than milli- 
molar colchicine concentrations, whereas significant disas- 
sembly is found a t  much higher concentrations (Margolis and 
Wilson, 1977; Gaskin et al., 1975). Margolis and Wilson 
(1978) have proposed a mechanism for colchicine modulation 
of assembly and disassembly. An additional mechanism for 
disassembly may be possible only a t  high colchicine concen- 
trations. This mechanism is suggested by the binding scheme 
reported here. Colchicine could interact with tubulin in the 
microtubule causing disassembly to the dimer as a result of the 
conformational step, or, alternatively, the shift to the dimer 
is followed by formation of (PC)'. Colchicine binding to the 
intact microtubule has not been observed (Wilson and Meza, 
1973). However, a t  very high colchicine concentrations it may 
be possible to demonstrate the existence of the intermediate 
form, PC. 

In summary, the kinetic data reported here can best be ex- 
plained by a colchicine-induced tubulin conformational change 
mechanism. This ligand-induced protein isomerization step 
is the cause of the nearly irreversible colchicine binding to 
tubulin for which it shifts the aggregated tubulins to the dimer 
form, (PC)'. 
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Selective Methyl Esterification of Erythrocyte Membrane Proteins 
by Protein Methylase II? 

Patrizia Galletti. Woon Ki Paik, and Sangduk Kim* 

ABSTRACT:  Methyl esterification of erythrocyte membrane 
proteins has been demonstrated b) incubating the isolated 
membrane with purified protein methylase I I (S-adenosyl- 
methi0nine:protein-carboxyl 0-methyltransferase, E C  
2. I .  1.24) and S-adenosyl-~-[methyl-"C]methionine. Methyl 
esterification of membrane-bound proteins occurred selectively 
to proteins corresponding to bands 3 (mol wt 97 000), 4 (mol 
wt 75 000), and 4.5 (mol wt 48 000) [designated according to 

P r o t e i n  methylase I I (S-adenosy1methionine:protein-car- 
boxyl 0-methyltransferase, EC 2.1.1.24) is an enzyme which 
methylates (esterifies) free carboxyl groups of polypeptides 
(Kim and Paik, 1970; Diliberto and Axelrod, 1974; Kim, 
1977). The enzyme thus neutralizes negatively charged free 
carboxyl groups of protein substrates by the production of 
protein carboxyl methyl esters. The esters are unstable and 
spontaneously hydrolyzed a t  physiological pH and tempera- 
ture, yielding methanol (Kim and Paik, 1976). The enzyme 
has been purified from various mammalian tissues (Kim, 1973, 
1974; Kim et al., 1978; Edgar and Hope, 1976). The molecular 
weight of the rat erythrocyte enzyme was determined to be 
25 000 (Kim, 1974). 

Although the enzyme is widely distributed in eukaryotes 
(Kim, 1977; Kim et al., 1978) and prokaryotes (Kim et al.. 
1977; Springer and Koshland. 1977), the identity of the natural 
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Steck, T. L. ( 1  974). J .  Cell Biol. 62, I ]  as identified by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. Mild alkali 
treated depleted vesicles which lacked bands I ,  2 , 5 ,  and 6 had 
a higher methyl accepting capacity; 500 pmol of methyl 
groups/mg of depleted vesicle proteins vs. 200 pmol of methyl 
groups/mg of intact membrane proteins. Alkali-extractable 
membrane components were not methylated. 

methyl acceptor protein(s) is unknown. Furthermore, the re- 
lationship of protein methylation to enzyme function is not 
understood. The fact that the soluble fraction of the erythro- 
cyte possessed a substantial amount of the enzyme despite an 
absence of endogenous methyl acceptor substrate (Kim et al.. 
1975; Kim, 1974) was particularly enigmatic. In order to in -  
vestigate the endogenous methyl acceptor protein(s) in 
erythrocyte, we considered erythrocyte membrane proteins as 
possible methyl acceptors. 

This paper reports the enzymatic methyl esterification of 
erythrocyte membrane proteins with purified protein methy- 
lase 11, NaDodS04l-polyacrylamide gel electrophoresis of the 
methylated membrane enabled us to identify a few specifically 
methylated protein bands. 

Materials and Methods 
Materials. S-Adenosyl-L- [ methyl-' jC] methionine (specific 

activity, 55-60 mCi/mmol) was purchased from New England 

1 Abbreviations used: NaDodS04, sodium dodec) I sulfate: CIxAcOH. 
trichloroacetic acid: Tris- HCI, 2-amino-2-hydroxymethyl- I .3-propaned1ol 
hydrochloride. 
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