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Microtubule Dynamics Modulated by Guanosine
Triphosphate Hydrolysis Activity of B-Tubulin

Ashley Davis,* Carleton R. Sage, Cynthia A. Dougherty,
Kevin W. Farrell

Microtubule dynamic instability underlies many cellular functions, including spindle mor-
phogenesis and chromosome movement. The role of guanosine triphosphate (GTP) hy-
drolysis in dynamic instability was investigated by introduction of four mutations into yeast
B-tubulin at amino acids 103 to 109, a site thought to participate in GTP hydrolysis. Three
of the mutations increased both the assembly-dependent rate of GTP hydrolysis and the
average length of steady-state microtubules over time, a measure of dynamic instability.
The fourth mutation did not substantially affect the rate of GTP hydrolysis or the steady-
state microtubule lengths. These results demonstrate that the rate of GTP hydrolysis can
modulate microtubule length and hence dynamic instability.

Microtubules are composed of tubulin, an
a-B heterodimer that binds GTP exchange-
ably at the B subunit E site. During micro-
tubule assembly the E-site GTP is hydro-
lyzed to yield a phosphate ion, which is
temporarily bound to the microtubule, and
guanosine  diphosphate (GDP)—tubulin,
which incorporates into the microtubule
lattice (1). Microtubules are thought to be
stabilized by a “cap” (2) of GTP-tubulin or
[GDP + inorganic phosphate (P,)]-tubulin
subunits at microtubule ends, and the loss
of .this cap may result in rapid microtubule
depolymerization. Random loss and regain
of the cap can thus account for the stochas-
tic growing and shortening of microtubules,
a process termed dynamic instability, which
has been observed both in vitro (3) and in
vivo (4). Dynamic instability is thought to
contribute to spindle morphogenesis and
the reorganization of microtubule arrays
during the cell cycle (5).

The tubulin-GTP cap model (2, 3)
predicts that the GTPase activity of B-tu-
bulin would be important in determining
cap size and microtubule dynamics. To
investigate the relation between guano-
sine triphosphatase (GTPase) activity and
microtubule dynamics, we combined site-
directed mutagenesis with a procedure for
purifying  assembly-competent tubulin
from the yeast Saccharomyces cerevisiae (6,
7). We report on four mutations directed
to the highly conserved region of B-tubu-
lin, Lys'9-Gly-His-Tyr-Thr-Glu-Gly!®®
Sequence comparisons (8) suggest that
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this region may be functionally equivalent
to the Gly-X-X-X-X-Gly-Lys motif of
GTPase superfamily members, which par-
ticipates in phosphate binding and hydro-
lysis. We substituted the conserved Lys!®3
with Met, a change that removed the
charged amino group but retained the
similar overall size and shape of the side
group; substitution of Lys with Met in the
p21™  Gly-X-X-X-X-Gly-Lys motif re-
duced that protein’s GTPase activity (9).
We also substituted B-tubulin Thr!%? with
Gly, Lys, or Trp because this amino acid
modulates the GTPase activity of other
superfamily members (10).

Because three of the mutations (Gly'*?,
Lys'®?, and Trp'®’) were lethal in haploid
cells, we purified tubulin from heterozygous
diploid strains (Table 1). In these strains,
one B-tubulin gene was full-length (TUB2
wild type or TUB2-derived mutant) and the
other (tub2-590) was missing the last 12
codons (11). The tub2-590 background al-
lowed immunological detection of full-
length B-tubulin with a rabbit polyclonal
antibody to the COOH-terminal 12 amino
acids of B-tubulin. The tubulin preparations
were therefore composed of dimers with
full-length (wild type or mutant, as appro-
priate) and truncated B subunits, in equal
amounts (12). Purification of tubulin dimers
containing only full-length B subunits could
be accomplished chromatographically (13);
however, the yields were too small to make
the method routinely useful. The protein
derived from each of the heterozygotes as-
sembled into bona fide microtubules, and
immunogold staining with the COOH ter-
minal-specific antibody showed that both
mutant and wild-type tubulins incorpo-
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rated into the microtubules (Fig. 1A).
The steady-state rate of GTP hydrolysis

of control microtubules (from a TUB2/tub2-

590 heterozygote) was 2,400 + 1,200 P,

min~! microtubule™' (Table 1 and Fig.

1B), whereas the rates from the tub2-
T107G,K,W/tub2-590 microtubules were 4
to 10 times higher: 10,100 * 2,400, 18,700
+ 6,100, and 23,500 * 6,200 P, min~!
microtubule ™!, respectively. In contrast,
the rate for the tub2-K103M/tub2-590 mi-
crotubules (3,100 = 2,700 P, min~! micro-
tubule™!) was similar to that of control
microtubules. The different hydrolysis rates
of the mutated tubulin samples were not
due to differential interactions of the mu-
tated B-tubulins with the truncated tub2-

Fig. 1. In vitro polymer-
ization properties of mu-
tated and wild-type tubu-
lins. The tubulin samples
consisted of equal quan-
tities of truncated (tub2-
590-derived) and full-
length  (TUB2-derived)
B-tubulins, as shown by .

quantitative protein blot analysis (72). (A) Immunogold detection of mutated tubulins in microtubules

590 B-tubulin, because tubulin isolated
from a tub2-T107K/TUB2 strain also in-
creased the microtubule hydrolysis rate as
compared with tubulin from TUB2/TUB2
wild-type microtubules (14).

According to the tubulin-GTP cap mod-
el (2, 3), an increased rate of GTP hydro-
lysis should reduce the average cap size at
the microtubule end and so increase the
probability that the cap will be lost. Loss of
the cap would destabilize the microtubules,
leading to an increase both in the steady-
state critical concentration of tubulin and
in microtubule dynamic instability. Con-
versely, no increase in either the critical
concentration or microtubule dynamic in-
stability would be expected for the tub2-

(23). The number of gold particles associated with the microtubules was as follows: 1, 15.2 pm~'
for the control strain (TUB2/tub2-590); 2, 14.0 pm~" for mutant strain tub2-K103M/tub2-590; 3, 10.6
pm~" for mutant strain tub2-T107K/Aub2-590; and 4, 0.6 pm~" for the control strain (TUB2/tub2-590)
stained with preimmune serum. Bar, 0.2 um. (B) Polymerization-dependent hydrolysis of GTP by
mutated tubulins. GTP hydrolysis assays were performed as in (7), with modifications (24). The
phosphate evolution data were normalized to a steady-state polymer mass of 1 pM. For reasons of
scale, data for only the first 40 min are shown for the tub2-T107W/tub2-590 mutant; for comparison,
however, after 120 min 465 pM phosphate had been released. To obtain the steady-state hydrolysis
rates (Table 1), we determined the rates of phosphate release between 20 and 80 min by linear
regression analysis and corrected the data for the number of microtubule ends, as determined from
the steady-state polymer masses and microtubule length measurements (25). The arrow indicates

K103M/tub2-590 microtubules. Consistent
with these predictions, the steady-state crit-
ical concentrations of microtubules with
enhanced rates of GTP hydrolysis were 2 to
4 times greater than that of control micro-
tubules and 7 to 12 times greater than that
of the tub2-K103M/tub2-590 microtubules
(Table 1).

The three mutations with enhanced
rates of GTP hydrolysis also increased
microtubule dynamic instability, as mea-
sured by the time-dependent redistribu-
tion of microtubule lengths at polymer
mass steady state, with the mean lengths
increasing by 140 to 180% after the attain-
ment of steady state (Fig. 2). There was no
detectable length redistribution with control
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the time at which samples attained polymer mass steady state (~20 min). Tubulin sources: TUB2/ub2-590 (squares), tub2-K103M/tub2-590 (circles),
tub2-T107G/tub2-590 (rectangles), tub2-T107K/Aub2-590 (triangles), and tub2-T107W/tub2-590 (stars). (C) The critical concentration for assembly of
full-length wild-type and T107K B-tubulins in the presence of GTP (left) or GMPPCP (right). Because the tub2-T107K mutation was lethal in haploid cells,
we purified (73) tubulin dimers containing full-length B-tubulin (fub2-T107K or TUBZ2) from dimers carrying the tub2-590 truncated form. The critical
concentrations were determined from the ordinate intercepts by linear regression analysis. For wild-type tubulin, with GTP and GMPPCP, the critical
concentrations were 140 = 4 pg mi~" and 110 = 23 pg ml~", respectively. The corresponding values for tub2-T107K mutated tubulin were 380 = 5
pg mi~" and 140 = 34 pg mi=". Full-length wild-type tubulin (triangles), full-length T107K mutated tubulin (squares).

Table 1. In vitro properties of mutated yeast tubulins.

GTP GTP binding
. stoichiometry

Ggrtgid)grs;?t; s hyrc;;gl)é?ls Tubulin critical GTP binding (moles of

Genotype* Y .y_1 concentration constant GTP per

rate (P, min unassembled (ng/mi)t ("M)§ mole of

microtubule=")¥ tubulin (P, 9 tubulin

in—1

min~)f dimer)§
TUB2/tub2-590 2,400 = 1,200 0.22 + 0.03 120 + 20 58+ 7 1.04 = 0.14
tub2-K103M/tub2-590 3,100 + 2,700 0.05 + 0.04 40 = 30 59 + 15 0.80 = 0.12
tub2-T107G/tub2-590 10,100 + 2,400 0.19 £ 0.10 500 + 70 21+ 2 1.00 £ 0.17
tub2-T107K/tub2-590 18,700 * 6,100 0.15 £ 0.12 300 + 70 16+ 1 1.04 £ 0.15
tub2-T107W/tub2-590 23,500 * 6,200 0.16 = 0.07 500 + 90 100 = 31 1.13 +0.18

*All yeast strains were derived from the diploid ADY101 (7), which is homozygous for tub2-590. The mutations were directed to TUB2 with mutagenic oligonucleotides (20)
and were introduced into ADY101 by homologous transplacement to yield the heterozygous mutants. The presence of the mutations was confirmed by polymerase chain
reaction sequencing of genomic DNA. 1The assembly-dependent steady-state hydrolysis rates are corrected for background GTP hydrolysis by unassembled dimers.
The background rates were determined by sedimentation of steady-state microtubules and measurement of hydrolysis rates in the supernatants. These supernatant values
were then subtracted from the values for microtubule-containing samples. The values in the table are the means of three experiments + 1 SEM. The nonassembly-dependent
rates of GTP hydrolysis were determined at a tubulin concentration of 50 wg mi=* and represent the intrinsic GTPase activities of unassembled dimers. $Tubulin critical
concentrations were determined as in Fig. 1C. The values are the means of six to nine determinations + 1 SEM. §GTP equilibrium binding affinities and stoichiometries
were determined as in (27), modified for tubulin (22). Each value (= 1 SEM) was determined for at least five GTP concentrations (3 to 1000 nM).
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microtubules [consistent with (7)] or with
tub2-K103M/tub2-590 microtubules. These
results demonstrate that microtubule dynam-
ics can be modulated by the assembly-depen-
dent rate of GTP hydrolysis and support the
idea that microtubule dynamics could be
controlled by regulating the size of a tubulin-
GTP (or GDP + P,) cap.

The effects of the mutations are unlikely
to be due to gross structural defects because
(i) all mutated tubulins bound GTP with
high affinities and with stoichiometries
comparable to that of the control protein
(Table 1); (ii) all mutated tubulins assem-
bled into bona fide microtubules (Fig. 1A);
(iii) wild-type and mutated tubulins dis-
played similar kinetics and patterns of pro-
teolytic digestion with proteinase K at 40°C
(14); and (iv) the steady-state critical con-
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Fig. 2. The effects of B-tubulin mutations on the
time-dependent redistribution of microtubule
lengths at polymer mass steady state. (A) The
mean lengths of the microtubule samples plot-
ted as a function of time after assembly initia-
tion. For each time point the lengths of 150 to
500 microtubules were measured. The arrow
indicates the time at which polymer mass
steady state was attained. Tubulin sources:
TUB2/tub2-590 (squares), tub2-K103M/tub2-
590 (circles), tub2-T107G/tub2-590 (rectan-
gles), tub2-T107K/tub2-590 (triangles), and
tub2-T107W/tub2-590 (stars). (B) Representa-
tive microtubule length distributions at 5, 40,
and 120 min after initiation -of assembly. The
mean lengths of the microtubule distributions
are given in each box. The length distribution of
the tub2-T107KAub2-590 mutant sample di-
verged substantially from the control and tub2-
K103M/tub2-590 mutant samples after attain-
ment of steady state (at ~20 min), despite the
similarity of the length distributions at the early
time point (5 min). The results for tubulins
isolated from the tub2-T107G/ub2-590 and
tub2-T107W/tub2-590 mutants were similar to
those for the tub2-T107K/tub2-590 mutant.

centrations for assembly of the wild-type
and mutated tubulins were similar with the
nonhydrolyzable GTP analog, GMPPCP,
but were substantially different with GTP
(Fig. 1C). A gross structural change would
be expected to affect both GTP- and GMP-
PCP-induced assembly, whereas a specific
effect on the mechanism of GTP hydrolysis
should preferentially affect assembly with
GTP.

Our data do not exclude the possibility
that the mutations affect a site on B-tubu-
lin that is remote from the GTP-binding
pocket and yet affects microtubule dynam-
ics and the rate of P, formation. However,
the effects of the mutations clearly show
that the Lys!®-Gly-His-Tyr-Thr-Glu-
Gly'® region of B-tubulin is important for
the polymerization-dependent hydrolysis
of GTP. Mutations in the Gly-X-X-X-X-
Gly-Lys consensus motif of GTPase supert-
family members also affect GTP hydrolysis
(10); our results thus suggest that the
Lys!93-Gly-X-X-X-X-Gly'®® motif may be
functionally equivalent to Gly-X-X-X-X-
Gly-Lys, even though the sequence is
reversed in B-tubulin. This situation may
be comparable to that of the zinc metal-
loendopeptidases, where a conserved mo-
tif (His-Glu-X-X-His) has been found in
both orientations at the active site (15).
Other GTPases also display variant ar-
rangements of the GTPase superfamily
consensus motifs (16, 17).

The correlation between GTP hydroly-
sis rates and microtubule dynamics sug-
gests that the B-tubulin GTPase activity
could be regulated during mitosis to con-
trol microtubule depolymerization and
chromosome movement. Increasing the
tubulin GTPase activity at anaphase could
lead to microtubule depolymerization which,
in vitro experiments suggest (18), contrib-
utes to chromosome movement toward the
spindle poles; similarly, chromosome con-
gression to the metaphase plate could be
facilitated if a higher rate of tubulin-GTP
hydrolysis were maintained at kinetochores
proximal to the plate. Opposing kineto-
chores of a single chromosome differ immu-
nologically during chromosome movement
toward the metaphase plate (19), suggesting
that cellular mechanisms could exist for
differentiating biochemical activities at op-
posing kinetochores.
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A Panoramic Code for Sound Location
by Cortical Neurons

John C. Middiebrooks,* Ann E. Clock, Li Xu, David M. Green

By conventional spike count measures, auditory neurons in the cat’s anterior ectosylvian
sulcus cortical area are broadly tuned for the location of a sound source. Nevertheless, an
artificial neural network was trained to classify the temporal spike patterns of single neurons
according to sound location. The spike patterns of 73 percent of single neurons coded
sound location with more than twice the chance level of accuracy, and spike patterns
consistently carried more information than spike counts alone. In contrast to neurons that
are sharply tuned for location, these neurons appear to encode sound locations throughout

360° of azimuth.

Ik often is assumed that dimensions of per-
ception are represented in the brain by
orderly maps containing sharply tuned neu-
rons, and such maps are well known in the
visual and somatosensory cortices. Maps of
auditory space have been demonstrated at
the level of the midbrain (1), but physiolog-
ical studies of the auditory cortex have failed
to demonstrate any evidence of a space map
containing sharply tuned neurons. This has
been puzzling, given that auditory cortex
lesions in human patients and in experimen-
tal animals result in prominent deficits in
sound localization behavior. In the inferior
temporal and striate visual cortices, informa-
tion-theoretic analysis has demonstrated
that the spike patterns of neurons, including
both spike count and spike timing, can carry
nearly twice the stimulus-related informa-
tion of spike counts alone (2). We studied
spatial coding by auditory neurons in the
cat’s anterior ectosylvian sulcus cortical area
(area AES). We used an artificial neural
network to classify the spike patterns of
single neurons according to sound source
location. We found that single neurons can
code for sound locations throughout 360° of
azimuth.

Data were obtained from 67 single units
on the posterior bank of the anterior ecto-
sylvian sulcus of eight chloralose-anesthe-
tized cats (3). Noise bursts, 1 to 300 ms in
duration, were presented in an anechoic
room from 18 loudspeakers spaced in 20°
steps of azimuth around the horizontal
plane. Stimulus locations were varied pseu-
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dorandomly to acquire 40 responses to stim-
uli at each of 18 sound source locations (for
a total of 720 responses). Units responded
with latencies greater than 10 ms, and their
responses typically were restricted to the
first 50 ms after stimulus onset; thus, nearly
all the driven spikes fell within a time
interval of 40 ms (4). To train the artificial
neural network, we used the responses of
single units on odd-numbered trials (20
trials per stimulus location). To test the
network performance, we used the even-
numbered trials from the same unit. This is
a form of cross validation, in which training
and testing utilized independent data sets.

The spike pattern elicited by a noise
burst usually contained only a small number
of spikes. The average spike counts at op-
timal loudspeaker locations were around
three spikes per trial, yet even at such
optimal locations, many stimulus presenta-
tions elicited no spikes at all. For that
reason, we averaged the responses of a
single neuron across multiple presentations
of a given stimulus to estimate a spike
density function. One way of computing
this density function would have been to
form, for each of the 18 stimulus locations,
a single average of all 20 spike patterns in
the training set and a single average of all
20 patterns from the test set. Under that
condition, however, the network would
have overtrained to idiosyncrasies in the set
of 18 average training patterns. Moreover,
the single set of test patterns would have
provided only one pattern per stimulus lo-
cation with which to evaluate network
performance. '

We adopted a different approach that
utilized a “bootstrapping” procedure (5). We
generated each bootstrapped training or test
pattern by averaging across M patterns from
the original data set of 20 training or test
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patterns, drawn randomly with replacement.
Thus, a given bootstrapped pattern might
incorporate zero, one, or more copies of any
particular spike pattern. Repeating this pro-
cess, we generated N, bootstrapped train-
ing patterns from the training set and N,
bootstrapped test patterns from the test set.
Network performance improved with in-
creasing N,.,., nearing an asymptote for
values of N,., between 10 and 20, so we
used a value of N ;. = 20. We used N, =
100 so that we could assess performance in
terms of percent correct. In preliminary
studies, we tested values of M (the number
of spike patterns included in each bootstrap)
between 1 and 32 and found that network
performance improved monotonically with
increases in the size of M; in the results
presented here, we used M = 20. At each of
the 18 stimulus locations, we generated a set
of 20 bootstrapped training patterns and 100
bootstrapped test patterns.

The artificial neural network was a one-
layer linear perceptron with 40 inputs, each
corresponding to the estimated probability
of a spike occurring in a 1-ms poststimulus
time bin. Two output units formed a
weighted sum of the 40 inputs. We used the
Widrow-Hoff learning rule (6) to adjust the
weights so that the output units produced
the sine and cosine of the stimulus azimuth
(7); the sine and cosine are proportional to
the distance of the stimulus from the mid-
sagittal plane and the interaural plane,
respectively. For convenience in presenting
network output, we computed the arctan-
gent of the two_outputs, which gave a
continuously varying output in degrees of
azimuth. We favored this simple network
over more complex multilayer nonlinear
nets because we found that it performed as
well as more complicated nets and was less
prone to overtraining.

By traditional measures of tuning based
on spike counts, all of the units showed
broad spatial tuning. For example, all but
three of the units responded across at least
180° of azimuth with spike counts that were
within 50% of their maxima, and the re-
sponses of 42% of the units never fell below
50% of their maxima, regardless of stimulus
location. Despite this broad tuning of spike
counts, the temporal spike patterns of most
neurons varied systematically with sound
location. Examples of the spike patterns
elicited from one unit are shown in a raster
plot in Fig. 1. Patterns varied both in spike
count and spike timing. For this unit, the
main feature of spike timing that varied
with location was the overall latency of the
burst, but the intertrial variability in the
timing of spikes within patterns frustrated
any effort to identify patterns simply on the
basis of first-spike latency. The performance
of the network, which used the timing of
spikes throughout each burst to classify





