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The effects of denatured tubulin on microtubule assembly fran active 
phosphocellulose-tubulin have been studied. The presence of denatured ttilin 
resulted in an inhibition of the assembly and in the increase of the critical 
concentration to trigger the assembly. Inhibition of both tk rate and extent 
of microtubule assembly was dependent on denatured tubulin concentration. 'Ihis 
perturbation of microtubmle assembly by denatured ttilinislikely to be specific 
as non-microtubule proteins did not significantly affect the assembly. 

Microtubules are cellular organelles found in almstall eukaryotic cells and are 

known to be involved in a variety of functions including mitosis, axoplasmic 

transport, secretion, receptor activity and cell motility (1,2). These organelles 

are famed by the assembly of tubulin, an heterodimer of 110,000 ml. wt. (3). 

The assembly requires GTP (4,s). Microtubule associated proteins, MAPS, have 

also been implicated in microtubule assembly. These MAPS include both high 

molecular weight proteins, MAP land 2 (6,7) and low molecular weight ccmponents, 

the tau factor that contains two major peptides of 58,000 and 66,000 daltons (8). 

Theinvolvemntofmicrotubules inavarietyofcellularphenmena requiresprecise 

molecular regulation at both the tesporal and spatial levels of the assembly 

process. Further understanding of the intracellular recognition of tubulin 

subunits and of the interactions of tubulin with other nkacranolecular factors 

involved in microtubule assembly and/or regulation is both interesting and 

important. Various studies have considered the role of MAPS (8,9) and other 

protein factors (10-12) in microtubule assembly. The present report describes 

the effects of denatured tubulin on the assembly of active tubulin subunits and 

its iaplications for the intentmlecular recognition. 

0006-291X/83/020463-07$01.50/0 
Copyright 0 1983 by Academic Press, Inc. 

463 All rights of reproduction in any form reserved. 



Vol. 110, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

MATm1ALSANDMExHCDs 

Microtubule preparation: Microtubule protein was purified fran porcine brains 
by three cycles of temperature dependent assembly-disassembly according to the 
procedure of Shelanski et al. (13). Microtubule pellets were stored at -7OoC -- 
after the second step of assembly. Prior to the experiments the pellets were 
resuspended in O.lM 2-[N-morpholinolethane sulfonic acid buffer (MES), pH 6.8, 
containing 1.5 n@l MgC12 and 0.5 IN EX'A (assembly buffer), centrifuged at 45,000 
gat40C toeliminateaggregates andthesupernatantsubjectedtothethirdcycle 
of assembly-disassembly. 'Iubulin and MAPS were separated by phosphocellulose 
chrcanatography according to the methd of Weingarten et al. (8). Protein 
concentration was determined by using an A280 of 1.15 per-qm (14). 
Microtubule assembly assay: Microtubule assembly was monitored by the kinetics 
of the increase of the absorbance at 350 nm (15) of tubulin solutions in the 
Assembly buffer. The assembly reaction was initiated by addition of 1 KM Gil? to 
cuvettes containing tubulin and raising the temperature fran 40 to 32oC. 
Tubulin denaturation: l'ubulin purified by phosphocellulose chrmtography (EC- 
tubulin) in a buffer 0.1 M ME5 (pH 6.81, 1.5 nN Mg2+ was denatured by boiling the 
solution for 2 min. t14Cl-carboxyinethylated denatured tutmlin was prepared by 
reaction with t14C1-Iodoacetate (16). The small fraction of aggregates of 
denatured tubulin were removed prior to the assays by centrifugation at 45,000 
g. Therecentlyprepared and non-boiledtubulin preparationwillbe termed "active 
tubulin". 
Electron microscopyz Samples were collected after the assembly assays, processed 
for electron microscopy as described previously (171, and examined in a Phillips 
m 300 electron microscope. 

The first experiments shawed that the addition of increasing amounts of denatured 

tubulin to a fresh and active tubulin solution (2.2 ny/ml) resulted in a decrease 

in microtubule assembly activity. Ibe denatured tubulin preparation itself did 

not show assembly or GlP binding activities. The assembly kinetics of these 

samples are shmn in Fig. la. 'Ihe relationship between the assembly extent and 

the concentration of denatured tubulin is represented in Fig. lb. The increase 

of denatured tubulin concentration resulted in a decrease of the extent of 

assembly, and at denatured tubulin concentrations higher than 4 rig/ml the assembly 

remained at a constant low value. Furthermre, a substantial decrease in the 

rate of assgnblywas alsoobservedevenafter theadditionof thelmconcentrations 

of denatured tubulin (Fig. 2). The presence of denatured tubulin (2 q/ml) 

resulted in a decrease of the assembly rate to 12% of the control value, and in 

the extent of assembly to 32% of control. 

The relationship between the extent of assembly snd the concentration of active 

tubulinwas examinedin the presence and the absence of denatured tubulin. Results 

are represented in Fig. 3 and shawed that addition of denatured tubulin resulted 

in an increase of the critical concentration necessary to trigger assembly, which 
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Fig. 1. hssmbly kinetics of tibulin in the presence of 
concentrations of a denatured tutulin fraction. 

increasing 

a. Individual 0.5 ml samples of native PC-tubulin (2.2nq/ml) were adjusted 
to 0.5 mg/id MAPS, 1 rrM G’IP and ass&&d in the presence of den&red 
tutulin: 0 q/a 0.5 rrghll; 1.0 lIKJ/ml; 2.0 q/ml; 3.0 llKJ/ml; 
4.0 mg/d; and sample assayed in the absence of GW and denatured 
tubulin (B). Theassayof samples of denatured tubulin at concentrations 
indicated, in the absence of active tubulin did not shaw assembly. 

b. The maxitmm extent of assembly is represented as a function of the 
concentration of denatured tubulin in the assays. 

Fig. 2. Effect of the denatured tubulin on the initial velocity of assmbly of 
active tuhlin. 
Szrmples of FCC-tubulin (2.2 q/ml) were assayed in the presence of 
denatured tubulin at the concentrations indicated. The initial 
velocities follawig the lag period were calculated and plotted against 
the concentrations of denatured tuhlin. 

implies a proportional decrease of the apparent association constant (Kapp) of 

tubulin to be incorporated into the growing microtuhle. 

Denatured [l4Cl-carboxymethylated-tlinwas not incorporated intomicrotubules, 

since no radioactivity was found in tubules formed fran active tubulin in the 

presence of the denatured material. However, denatured tubulin seems able to 
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fubulln (mg/ml) 

Fig. 3. Dependence of the extent of assembly bA350) on the concentration of 
active tutulin, in the absence (0) or in the presence (0) of denatured 
tubulin 11.6 n&ml). 

interact with the active ttilin dimer. A solution of active tulxlin just helm 

the critical concentration required for asembly was incubated with an eguimolar 

amount of [14C]-carboxymethylated, denatured tutmlin. This mixture was 

subsequently applied to a SephadexG-200 colum and two major peaks resulted fran 

the chramtography. !Ihe distribution coefficients (Kav) for these two peaks were 

0.23 and 0.37, corresponding to molecular weights of 220,000 and 110,000 daltons 

respectively. The Kav = 0.23 peak shmed a specific radioactivity 48% of that 

of the initial pool of denatured, labeled tubulin. The chramtography of the 

denatured, radiolabeled tubulin resulted in a single major pesk with Kav = 0.37. 

Both preparations shawed a minor peak with Kav = 0.11, which probably resulted 

fran a small amour& of aggregate formation. The results of these experiments are 

summized in Table I. 

The effects of the addition of non-microtubular protein were also assessed. '&e 

addition of a denatured purified neurofilamntpreparation (18) failed to inhibit 

the assembly fran the active tubulin pool. In addition, neither native nor 

denatured bovine serum albumin significantly affected asssmbly, thus suggesting 

that the effect of denatured tubulin on the assembly is likely to be specific. 

Additional informaticm was obtained fran electron microscopy studies of tubules 

assembled either in the presence or the absence ofdenaturedtubulin. Preparations 

assembled in the presence of denatured tubulin shawed fewer tubules than 

preparations obtained in the absence of denatured protein. In addition, assembly 
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Exclusion Chromatography of [14Cl-carboxymethylated, denatured- 

tubulin in the presence and the absence of active tubulin*. 

Percentage of Total Protein 

Sample ProteinPeak 

Kav=O.ll Kav==O.23 Kati.37 

A. [14C1-lknatured-Tlin 3% 26% 71% 
Active Tubulin 

B. [14C1-Denatured-Tin 4% -- 96% 

*[14Cl-Carboxymethylated, denatured-tubulin (0.9q) was incubated for 30 minat 
37% in assembly buffer with an equivalent amount of active PC-tuhulin in a final 
volum of 1 ml (A). The mixture was centrifuged at 28,000 xg and the supernatant 
filtered throughaSephadexG-200 colum 145 xl.2 an). Radioactivity and protein 
of each fraction were determined. Asacmtrol (B) a labeled, denatured-tubulin 
sample was incubated under identical conditions but in the presence of boiled PC- 
tubulin and filtered through Sephadex G-200. 

in the presence of denaturedtubulin resulted in a significantamuntof mrphous 

material and appearance of broken or inca'tplete microtubules (Fig. 4B), which is 

not a characteristic of the control sample assembled without the boiled tubulin 

(Fig. 4A). The formations of parallel arrays of microtuhAes and bent tutules 

in the preparation containing denatured tubulin is also noteworthy. 

DISCDSSICN 

The experiments show that the presence ofdenaturedtubulinaffectboth the initial 

velocity ahd extent of microtubule assembly fran the pool of active tukxlin. This 

effect cab be interpreted as an alteration in the intermolecular recognition of 

active tubulin species. 

Wulin self-assembly occum through series of bimolecular reactions (19) of the 

type: 

(1) Tn-l+T #Tn; with dissociation constant Kn-1. 

The results of Table I indicate that denatured tukulin dimers CT*) interact with 

activemolecules (T) of thetubulinpool, thus perturbing the effective association 

of the active 'tubulin dirners to the grawing microtubule. 

(2) T + T" +-[T - T*l 
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Fig. 4. Electron micrographs of PC-tubulin (2.2 rng/ml) assembled with MAPS (0.5 
q/ml) in the absence (A) or the presence (B) of denatured ttilin (1.6 
&ml). Other conditions are indicated in Methods. l'he bars represent 
1,000 A"' 

Therefore, the ncn-productive interaction of active tubulin subunits with T* 

affects microtubule assembly. The analysis of the decrese in the distribution 

coefficient by exclusion chramtography has proven to be useful in the study of 

protein-protein interaction (20). The significant increase in the critical 

concentration for assembly by the addition of boiled tubulin also support the 

idea of the interaction between active and denatured tubulin dimers. An 

alternative explanation, the incorporation of denatured tubulin dimsrs into the 

grawing pole of microtubules (or fragments of tubules) appears to be less likely 

due to the non-significant incorporation of [%I-carboxyrmathylated tubulin into 

the pelleted microtubules. E'urthernmre, previous studies (21) shcwed that the 

addition of carbamoylated tubulin to an unmodified tulmlin sample resulted in a 

decrease of assembly with the failure of the modified protein to incorporate into 

microtubules. 
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!~he reported data show that the presence of denatured tubulin decreases the 

assembly ability of active untreated twin, suggesting that ncn-productive 

interactions between active and denatured tubullin species result in a decreased 

interaction between free active subunits and the growing microtubules or pieces 

of tubules. Several regulatory signals have been proposed on the basis of the 

in vitro studies of tubulin assembly. -- These studies suggest that the proportion 

of active and inactive (denatured of quasi-native structure) could play a 

regulatory role in the intracellular assembly-disassembly of microtubules. 

I am grateful to Dr. Nicholas W. Seeds for his generous hospitality and to Drs. 
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