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Endogenous Inhibitor of Colchicine-Tubulin Binding in Rat Brain 

Abstract. A competitive inhibitor of colchicine binding to tubulin has been found in 
rat brain. Most of the inhibitor is associated "ith microsomes but some inhibitor, 
with an apparent molecular weight of approximately 250,000, is fotund in the cytosol. 
Both the microsomal and cytosol inhibitors are heat- and trypsin-sensitive, in- 
dicating that a protein moiety is required for activity. The microsomes bind tubulin 
directly; the microsomal and cytosol fractions both inhibit microtubule assembly in 
vitro. The inhibitor may function in the living cell to bind and sequester non- 
polymerized tubulin. Regulation of tubulin attachment to microsomnes could then 
control the concentration of cytosolic tubulin available for microtubule assembly. 
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It is generally believed that micro- 
tubules in living cells are in a dynamic 
equilibrium with their subunit proteins. 
The number and distribution of assem- 
bled microtubules can change rapidly 
during the cell cycle or in response to ex- 
ternal stimuli. Perhaps the most dramatic 
shift occurs when cells enter mitosis, at 
which time cytoplasmic microtubules 
disassemble and their protein constitu- 
ents reassemble into microtubules of the 
mitotic spindle. Since Weisenberg's dis- 
covery in 1972 (1) of conditions for as- 
sembly of microtubules from brain su- 
pernatants, much has been learned about 
the factors that participate in or affect 
polymerization in vitro. Microtubule-as- 
sociated proteins, Mg24, and guanosine 
5'-triphosphate (GTP) stimulate and cal- 
cium inhibits tubulin assembly in vitro 
(1-7), but it is not known whether these 
or other factors regulate microtubule for- 
mation and dissolution in cells. 

Colchicine, an alkaloid derived from 
Colchictum autlumnale, inhibits micro- 
tubule assembly both in vitro and in vivo 
by binding with high affinity to tubulin 
(8-10), the major protein constituent of 
microtubules. Because colchicine is not 
found in the animal kingdom or in most 
plants, so far as is known, it has not been 
considered a candidate for regulation of 
microtubule assembly. However, it 
seemed possible that the colchicine- 
binding site on tubulin might have 
evolved as an attachment site for an en- 
dogenous material, which would be a 
natural regulator of tubulin assembly in 
living cells. Previous studies of the col- 
chicine-tubulin binding reaction prompt- 
ed the suggestion that a factor in brain 
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cytosol lowered the affinity of tubulin for 
colchicine (10). In this report, evidence 
is presented for the existence of a tryp- 
sin-sensitive competitive inhibitoi of col- 
chicine binding in the microsomes and 
cytosol of rat brain. 

Microtubule protein was prepared 
from weanling rat brains by two cycles of 
assembly-disassembly, using the method 
of Shelanski et al. (11). In electrophore- 
sis on sodium dodecyl sulfate poly- 
acrylamide gels (12), more than 90 per- 
cent of the protein was present in the 
tubulin band and the remaining 5 to 10 
percent was found in the high-molecular- 
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Fig. 1. Effect of brain cytosol inhibitor, par- 
tially purified by (NH4)2SO4 fractionation (C), 
and of resuspended microsomal pellet inhib- 
itor (A) on colchicine-binding affinity of puri- 
fied tubulin. Open circles represent colchicine 
binding by tubulin in the absence of inhibitor; 
[C]i represents concentration of free colchi- 
cine and [CT] the concentration of bound col- 
chicine at the end of the incubation. 

Fig. 1. Effect of brain cytosol inhibitor, par- 
tially purified by (NH4)2SO4 fractionation (C), 
and of resuspended microsomal pellet inhib- 
itor (A) on colchicine-binding affinity of puri- 
fied tubulin. Open circles represent colchicine 
binding by tubulin in the absence of inhibitor; 
[C]i represents concentration of free colchi- 
cine and [CT] the concentration of bound col- 
chicine at the end of the incubation. 

weight region. At saturation, a typical 
preparation of purified microtubule pro- 
tein bound 4 pmole of colchicine per mi- 
crogram. To prepare brain cytosol, rat 
brains were homogenized at 4?C in 10 
mM Na2HPO4, pH 7.0, or 50 mM 4- 
morpholineethanesulfonate (MES), 1 
mM [ethylenebis(oxyethylenenitrilo)]- 
tetraacetic acid (EGTA), and 1 mM 
MgCi2, pH 6.6 (1 ml/g), using a Tekmar 
tissue disruptor (model SDT), and centri- 
fuged for 90 minutes at 100,000g. Unla- 
beled colchicine was obtained from Sig- 
ma and [j'H]colchicine from Amersham. 

Colchicine binding was determined by 
the charcoal separation method pre- 
viously described (13). In a typical as- 
say, unlabeled colchicine or a putative 
inhibitor sample was preincubated with 
tubulin (6 /xg per 95 p/l) for 2 hours at 
37?C before adding 20 kl of labeled col- 
chicine (final concentration, 0.48 /cM), 
followed by incubation for an additional 
2 hours. In the kinetic study (Fig. 1), var- 
ious concentrations of labeled colchicine 
were incubated with tubulin at 37?C for 4 
hours before charcoal separation. 

Native tubulin in brain cytosol has a 
lower affinity for colchicine than does 
purified tubulin. Addition of purified 
tubulin to brain cytosol results in a ho- 
mogeneous class of low-affinity colchi- 
cine-binding sites (10). These data sug- 
gested that the lower colchicine-binding 
affinity of tubulin in brain cytosol was 
due to an endogenous factor which inhib- 
its colchicine-tubulin binding. However, 
in fresh brain cytosol, endogenous tubu- 
lin has substantial colchicine-binding ac- 
tivity, which makes it difficult to mea- 
sure precisely the inhibitory activity of 
the preparation. We were able to elimi- 
nate this problem because the colchi- 
cine-binding activity of tubulin is labile, 
whereas inhibitory activity is stable. 
Thus, after dialysis of brain cytosol for 
48 hours at 4?C (500 volumes of 10 mM 
Na2HPO4, pH 7.0, three changes) all col- 
chicine-binding activity was lost and in- 
hibitory activity persisted. In multiple 
experiments, the inhibitor in the dialyzed 
brain extract decreased the apparent af- 
finity of tubulin for colchicine, but had 
no effect on the maximum binding, and 
thus behaved as a competitive inhibitor. 
Inhibitory activity was precipitated from 
undialyzed brain extracts between 30 
and 60 percent (NH4)2S04. The 60 per- 
cent pellet was resuspended in one-fifth 
the volume of the original supernatant 
and dialyzed for 48 hours at 4?C. This 
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at 60?C for 15 minutes (Table 1). No ac- 
tivity is detected in the presence of 1M 
NaCi, but it is completely restored after 
removal of the NaCI by dialysis. The in- 
hibitory activity was abolished by in- 
cubation with trypsin (Table 1), in- 
dicating that a protein moiety is required 
for inhibition of colchicine binding to 
tubulin. The inhibitor present in the dia- 
lyzed brain cytosol or (NH4)2SO4 frac- 
tions was completely retained after five- 
fold concentration across an Amicon 
XM 100 membrane (nominal molecular 
weight cutoff, 100,000). No inhibitory ac- 
tivity was detected in the filtrate and all 
activity was recovered after dilution of 
the fivefold concentrated retentate back 
to its original volume. A sample of a re- 
dissolved (NH4)2SO4 fraction from cyto- 
sol was applied to a Sepharose 4B col- 
umn and inhibitory activity in the frac- 
tions was measured. The inhibitor eluted 
with an apparent molecular weight of 
250,000 (Fig. 2). 

To determine the subcellular distribu- 
tion of inhibitory activity, we prepared a 
postmitochondrial supernatant from rat 
brain by centrifuging a homogenate at 
8000g for 60 minutes at 4?C. Cytosol and 
microsomal fractions were derived from 
the postmitochondrial supernatant by 
centrifugation at 100,000g for 60 minutes 
at 4?C. After resuspension of the micro- 
somes and precipitation of the cytosol in- 
hibitor by 60 percent (NH4)2SO4, the 
three fractions were dialyzed for 48 
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Fig. 2. Gel filtration chromatography of cyto- 
sol inhibitor. A 3-ml portion of a 60 percent 
(NH4)2SO4 precipitate dissolved in 50 mM 
MES, 1 mM EGTA, 1 mM MgCl2, pH 6.6, 
was applied to a Sepharose 4B column (1.5 by 
67 cm) equilibrated in the same buffer at 4?C. 
Eluted fractions were assayed for inhibition of 
colchicine binding and the values plotted on 
the ordinate as the percentage of decrease 
from binding in the presence of buffer alone. 
The void volume is indicated by the arrow 
marked V; the elution volume of GTP in- 
dicates the salt volume. Arrows marked T, F, 
and C indicate the elution volumes of thyro- 
globulin (molecular weight, 669,000), ferritin 
(molecular weight, 440,000), and catalase 
(molecular weight, 232,000), respectively. 
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Table 1. Effect of heat and trypsin treatment 
on inhibitor. In experiment I the cytosol or 
microsomal fraction was heated for 15 min- 
utes at 60?C. Controls were incubated at room 
temperature (25?C). In experiment 2 the cyto- 
sol or microsomal fraction was incubated with 
trypsin (100 /xtg/ml) for 3 hours at 37?C, after 
which lima bean trypsin inhibitor (400 ,/g/ml) 
was added to stop digestion. Controls were in- 
cubated with inactivated trypsin (trypsin plus 
trypsin inhibitor) for 3 hours at 37?C. Inhib- 
itory activity was measured by the pre- 
incubation assay. 

Condition 

Col- 
chicine 
bound 

(pmole) 

Experiment I 
No inhibitor 5.82 
Cytosol 0.32 
Cytosol* 4.86 
Microsomes 0.53 
Microsomes* 6.46 

Experiment 2 
No inhibitor 6.14 
Cytosol treated with 1.57 

inactivated trypsin 
Cytosol treated with trypsin 5.42 
Microsomes treated with 1.38 

inactivated trypsin 
Microsornes treated with trypsin 6.82 

*After 15 minutes at 60?C. 

hours at 4?C. The inhibitory activity of 
the fractions was then determined. If 1 
unit of inhibitor is defined as the amount 
necessary to decrease binding of [3H]- 
colchicine in the preincubation assay by 
50 percent, then the postmitochondrial 
supernatant derived from 1 g of brain 
contained 187 units. The cytosol and mi- 
crosomal fractions derived from the 
postmitochondrial supematant contained 
35 and 177 units per gram, respective- 
ly, confirming that most of the activity is 
particulate. The resuspended micro- 
somal pellet competitively inhibits col- 
chicine binding in a manner indistin- 
guishable from that of the cytosol inhib- 
itor (Fig. 1). In addition, the microsomal 
inhibitor is heat- and trypsin-sensitive 
(Table 1). These observations support 
the hypothesis that the cytosolic and mi- 
crosomal inhibitors are similar or identi- 
cal. Perhaps all of the inhibitory protein 
is associated in situ with subcellular or- 
ganelles and a small fraction is solubi- 
lized during homogenization. Both the 
microsomal and cytosol fractions inhibit 
microtubule assembly in vitro at concen- 
trations comparable to those used to in- 
hibit colchicine binding in the pre- 
incubation assay (Fig. 3). Heat or trypsin 
treatment destroys the assembly-inhib- 
iting activity of these fractions (data not 
shown). However, until each molecule 
has been purified, it is not possible to 
know whether the molecule which inhib- 

its tubulin assembly is the same as that 
which inhibits colchicine binding. 

The molar concentration of inhibitor 
sites is approximately equal to the molar 
concentration of total tubulin in brain. In 
the preincubation assay, approximately 
60 pmole of unlabeled colchicine are re- 
quired to inhibit binding of labeled col- 
chicine by 50 percent. Thus I unit of in- 
hibitor is equivalent to 60 pmole of col- 
chicine. Since we measure approxi- 
mately 200 units of inhibitor per gram of 
brain, there are at least 12,000 pmole of 
inhibitor sites per gram of brain. From 
previous colchicine-binding measure- 
ments (10, 13), there are about 25,000 
pmole of tubulin per gram of rat brain. 
Thus there is approximately 0.5 mole of 
inhibitory sites per mole of tubulin. Al- 
lowing for loss of inhibitor activity dur- 
ing preparation, the number of inhibitor 
sites appears to be sufficient to bind vir- 
tually all of the tubulin molecules present 
in brain. 

The calculation of the number of inhib- 
itor sites on microsomes (which, as 
noted, comprises approximately 85 per- 
cent of the total number of sites) by inhi- 
bition of labeled colchicine binding is 
substantiated by measurement of the de- 
pletion of tubulin from supernatant after 
incubation and centrifugation in the pres- 
ence of microsomes. In these experi- 
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Fig. 3. Effect of cytosolic and microsomal in- 
hibitors on tubulin assembly. Rat brain micro- 
tubule protein (3.5 mg/ml) was incubated for 
30 minutes at 22?C in reassembly buffer alone 
(@); in reassembly buffer (a) containing 10.5 
units of cytosolic inhibitor (0); or (b) 31 units 
of microsomal inhibitor (0). Assembly was 
initiated by the addition of GTP to a final con- 
centration of 1 mM and was monitored by the 
change in absorbance at 350 nm. 
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ments microsomes were incubated with 
tubulin for 120 minutes at 37?C, centri- 
fuged at 100,000g for 60 minutes at 25?C, 
and the supernatant assayed for tubulin 
content by colchicine binding. Control 
tubes contained tubulin but no micro- 
somes. The amount of tubulin bound to 
the microsomes was calculated as the 
difference between the tubulin remaining 
in the supernatant in control tubes and 
that in tubes incubated with microsomes. 
The supernatant from microsomes in- 
cubated and centrifuged in buffer alone 
had no effect on the colchicine binding 
by tubulin. Microsomes derived from 
1 g of brain bind approximately 12,000 
pmole of tubulin. The value predicted on 
the basis of inhibition of colchicine bind- 
ing is 10,600 pmole/g. Inactivation of mi- 
crosomal colchicine-binding inhibition 
by heat or trypsin results in a con- 
comitant loss of ability to bind tubulin. 
The close agreement between the num- 
ber of inhibitory sites calculated by the 
two methods supports the notion that the 
inhibition of colchicine binding to tubulin 
by brain proteins reflects a specific lig- 
and-receptor type interaction. 

It is curious that a highly specific, 
high-affinity colchicine-binding site on 
tubulin should have evolved. The exis- 
tence in animal tissue of a protein that 
competitively inhibits colchicine binding 
to tubulin may provide an answer to this 
puzzle. Because most if not all of the in- 
hibitor is particulate, it could function to 
bind tubulin and maintain it in an in- 
soluble form, preventing polymerization. 
Regulation of tubulin binding to the in- 
hibitor might then control the local con- 
centration of cytosolic tubulin available 
for assembly into microtubules (14). 
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Reptiles and Mammals Use Similar Sensory 

Organizations in the Midbrain 

Abstract. Striking similarities were observed between the overlapping visual and 
tactile maps of the mammalian superior colliculus and of its homolog in reptiles, the 
optic tectum. This topographic pattern probably represents a plan of sensory repre- 
sentation that existed in ancient reptiles and that was retained during the evolution 
to mammalian forms more than 180 million years ago. 
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The ability to focus attention on a 
stimulus and to orient toward and follow 
that stimulus is critical for the survival of 
many species. Refinements of this ability 
are evident in the stalking and attack be- 
havior of hunting mammals. Although 
the specific neural mechanisms that un- 
derlie attentive and orienting behavior 
are not fully understood, cells of the su- 
perior colliculus must be involved (1). 

Natural sensory stimuli excite superi- 
or colliculus neurons that, in turn, acti- 
vate brainstem motor centers (2) to pro- 
duce orientation of the eyes, ears, head, 
and limbs. Because natural stimuli af- 
fecting various sensory modalities may 
produce similar orientation changes via 
the circuitry of the superior colliculus, 
the manner in which these sensory repre- 
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sentations are organized in the colliculus 
has been of considerable interest. 

Stein et al. (3) have shown that the vis- 
uotopic organization of the cat superior 
colliculus is in register with deep-layer 
topographic somatic (somatotopic) rep- 
resentation. Although some differences 
in laminar distribution exist, parafoveal 
visual receptive fields are found in the 
same areas of the superior colliculus as 
tactile receptive fields on the face. Cells 
with either superior, inferior, or tempo- 
ral visual receptive fields are found near 
somatic cells with receptive fields on the 
superior, inferior, or caudal regions of 
the body, respectively. Such topograph- 
ic register between modalities [a similar 
one has been described in rodents (4)] 
seems to represent a general mammalian 
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Fig. 1. Visual and somatic re- A Rostral B 
ceptive fields. (A) Six elec- T i 1 _ 
trode penetrations from a se-\ .. 
ries extending across the later- _ 
al-medial axis of the right tec- t 
tum. The surface vasculature-- - 
and the grid system are also -3 
shown. Penetrations were - 

NasaLj 
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made perpendicular to the tec- - NasalTemporal 
tal surface at separations of 0.5 mm 
0.5 and 0.25 mm along grid C C 
lines. (B) Visual receptive ; >' 
fields mapped in each of these V , 
penetrations in the central 70? , 
of the left visual field. The 'i_T~ 

: 
^ 

field is divided by 10? con- 2 

centric circles. (C) Somatic re- 
ceptive fields recorded in _I_ 
these penetrations. Cells with 
nasal visual receptive fields 

- 

'- 
were found at or just superfi- 
cial in the tectum to cells with 
somatic receptive fields on the 
face (lateral tectum), whereas 
cells with temporal visual re- 
ceptive fields were located near somatic cells with receptive fields on the tail (medial tectum). 
Similarly, inferior visual receptive fields corresponded to ventral somatic receptive fields (cau- 
dal tectum) and superior visual receptive fields to dorsal somatic receptive fields (middle- 
rostral tectum). 
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