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Regulation of Microtubule Dynamic Instability by Tubulin-GDP?
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ABSTRACT: The regulation of the spontaneous transitions between growth and shortening of microtubules
is central to the biological function of dynamic instability. Here we examine the effects of controlled
amounts of tubulin-GDP (Tu-GDP) on the dynamic properties of microtubules in vitro. The transphos-
phorylation equilibrium between GTP, GDP, UTP, and UDP in the presence of nucleoside-5'-diphosphate
kinase (NDPK) was used to fix the ratio xp = [Tu-GDP}/([Tu-GTP] + [Tu-GDP]) in solution. Lower
levels of Tu-GDP (xp < 0.6) produce only a small increase in the apparent critical concentration, C.".
However, at xp > 0.6 a dramatic increase in C. is observed. At steady state of assembly, low levels of
Tu-GDP (xp < 0.5) cause a significant reduction of the dynamic length redistribution of the microtubule
population. The principal observable effect of Tu-GDP on the empirical parameters of microtubule dynamic
instability is to decrease the duration of individual phases of microtubule growth and shortening, with
relatively little effect on the intrinsic rates of growth and shortening. Observations in dark-field video
microscopy reveal that the irregularities in the rates of growth (and shortening) are increased in the presence
of Tu-GDP. At elevated levels of Tu-GDP, pauses occur frequently during the growth phase, microtubule
dynamics cease to conform to a clear two-phase process, and the extents of growth and shortening excursions
are strongly attenuated. The experimental results are well reproduced by computer simulation, using
mechanisms defined in the lateral cap model for dynamic instability [Martin, S. R., Schilstra, M. J., &
Bayley, P. M. (1993) Biophys. J. 65, 578—596], which includes the binding of Tu-GDP to the microtubule
end in competition with Tu-GTP. In the presence of Tu-GDP, the growing-state lifetime is significantly
attenuated, and the microtubule length versus time excursions simulated by the model show irregularities
and complex multistate behavior, including pauses, as observed experimentally. These results suggest
that Tu-GDP can modulate microtubule dynamics significantly under conditions where little bulk
microtubule disassembly is induced. Tu-GDP therefore appears to exemplify the action of a relatively
simple factor with the potential capability for regulation of microtubule dynamics in a cellular environment.

Microtubules are polymeric protein assemblies consisting
of essentially linear protofilaments of the 100-kDa tubulin
o3-heterodimer arranged parallel to a cylindrical axis. The
surface lattice shows a helical arrangement for the individual
tubulin molecules (Amos, 1979). The diameter of micro-
tubules varies only within small limits (depending on the
number of protofilaments, which ranges from 12 to 17), and
they may be several tens of micrometers in length (1625
tubulin dimers per micrometer for a 13-protofilament struc-
ture). They are present in abundance in eukaryotic cells,
and they are involved in a variety of functions such as
intracellular transport, structure and shape determination, and
cell motility and division (Dustin, 1978; Roberts & Hyams,
1979; Hyams & Lloyd, 1994).

The tubulin dimer is isolated by repeated cycles of
assembly and disassembly and contains two binding sites
for guanine nucleotides, only one of which (the E-site,
B-subunit) contains exchangeably bound nucleotide (Weisen-
berg et al., 1968; Berry & Shelanski, 1972). The affinity of
GTP for the tubulin E-site depends upon the Mg?* concen-
tration (Zeeberg & Caplow, 1979; Correia et al., 1987;
Mejillano & Himes, 1991). In contrast, the affinity of the

* This work was supported in part by EC Twinning Grant 902/00203.

* Mailing address: Division of Physical Biochemistry, National
Institute for Medical Research, The Ridgeway, Mill Hill, London NW7
1AA, UK. Phone: 081-959-3666, ext. 2085. Fax: 081-906-4477.

® Abstract published in Advance ACS Abstracts, January 1, 1995,

0006-2960/95/0434-1332$09.00/0

tubulin E-site for GDP is independent of [Mg?*] (K4 = 0.2
uM in PIPES! buffer at 4 °C; Mejillano & Himes, 1991). In
the absence of Mg?* the affinity for GTP is more than 10
times lower than that for GDP. In the presence of Mg?™,
however, the affinity for GTP is more than 2 times greater
than that for GDP: values for the ratio of association
constants, Kgte/Kgpp, between 2.1 and 6 have been reported
[2.8 at 22 °C (Zeeberg & Caplow, 1979); 4.86 at 21 °C
(Fishback & Yarbrough, 1984); 6 at 37 °C (Carlier &
Pantaloni, 1978); 2.1 at 37 °C (Kristofferson et al., 1982);

! Abbreviations: Tu-GTP, the tubulin a3-heterodimer with GTP at
the exchangeable nucleotide binding site (E-site); Tu-GDP, the tubulin
03-heterodimer with GDP at the E-site; MAPs, microtubule associated
proteins; Mes, 2-(N-morpholino)ethanesulfonic acid; PEM, microtubule
assembly buffer containing 100 mM 1,4-piperazinediethanesulfonic acid
(Pipes), 0.1 mM ethylene glycol bis(8-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), and 1.7 mM MgCl, at pH 6.5; PEMG, PEM
buffer containing 1 M glycerol; EGS, ethylene glycol bis(succinic acid
N-hydroxysuccinimide ester); AK, acetate kinase; NDPK, nucleoside-
5’-diphosphate kinase; xp, mole fraction of Tu-GDP in the soluble phase
(=[Tu-GDP)so/([Tu-GTP)it + [Tu-GDPlso)); kon, kos» empirical rate
constants for dimer addition during growth and dimer loss during
shortening, respectively, of a microtubule end; k+xy, k-xy, rate
constants for addition and dissociation of a dimer at a site in the lattice,
designated XY, where X and Y indicate the nucleotide (GTP or GDP)
at the two neighboring sites; C., the critical concentration; C., the free
dimer concentration, or the “apparent” critical concentration; Cs, the
concentration of tubulin af3-heterodimer in the soluble phase (=[Tu-
GDPJso1 + [Tu-GTP)sa); Ci, the total concentration of tubulin in the
system.

© 1995 American Chemical Society



Effects of GDP on Microtubule Dynamic Instability

1.9-2.5 at 37 °C (Martin & Bayley, 1987); 2.1 at 4 °C
(Mejillano & Himes, 1991)].

During microtubule assembly the E-site GTP is hydrolyzed
to GDP and phosphate is released (Jacobs et al.,, 1974;
Weisenberg et al., 1976). The hydrolysis of the nucleotide
is not necessary for microtubule formation, since nonhydro-
lyzable analogues of GTP also support the assembly process
(Weisenberg et al., 1976; Karr et al., 1979; Seckler et al.,
1990; Mejillano et al., 1990). However, microtubules
assembled from tubulin-GTP (Tu-GTP) display a remarkable
steady-state behavior known as dynamic instability (Mitchi-
son & Kirshner, 1984a,b; Horio & Hotani, 1986). In a
population of microtubules at steady state of assembly, an
individual microtubule interconverts, apparently at random,
between periods of slow growth and relatively rapid shorten-
ing. A population of tubulin microtubules therefore consists
of two subpopulations: slowly growing (G-state) microtu-
bules (the majority) and rapidly shortening (S-state) micro-
tubules. Under special conditions the transitions of the
microtubules may be highly synchronized to produce oscil-
latory behavior (Carlier et al., 1987a; Mandelkow et al.,
1988). Dynamic instability is suppressed when microtubule
associated proteins (MAPSs) or other stabilizing agents, such
as taxol or glycerol, are present (Farrell et al., 1987; Hotani
& Horio, 1988; Schilstra et al., 1991; Pryer et al., 1992;
Drechsel et al., 1992; Kowalski & Williams, 1993a).

Dynamic instability behavior derives from the particular
geometrical properties of the microtubule lattice and from
the kinetic differences between Tu-GTP and Tu-GDP.
Kinetic evidence suggests that the microtubule lattice consists
of an unstable Tu-GDP core protected by a stabilizing
structure originally termed the “Tu-GTP cap” (Pantaloni &
Carlier, 1986). On this model a growing microtubule
continues to grow so long as the rate of addition of Tu-GTP
molecules is sufficiently high to maintain the cap. Loss of
the cap exposes the unstable Tu-GDP core, and the micro-
tubule enters the rapidly shortening state.

The nature and extent of any capping structure remain
controversial since current experimental techniques do not
permit the unequivocal resolution of the temporal relationship
between dimer addition and GTP hydrolysis. If the hydroly-
sis of GTP is uncoupled from addition reactions, the size of
the Tu-GTP cap can be large under the appropriate assembly
conditions (Carlier & Pantaloni, 1981; Pantaloni & Carlier,
1986). However, other investigators failed to detect a
significant Tu-GTP cap in microtubules at steady state,
supporting the idea of tight coupling between GTP hydrolysis
and the addition reaction (Schilstra et al., 1987; O’Brien et
al., 1987, 1990; Stewart et al., 1990; Walker et al., 1991).
In the limit, the stabilizing cap may be confined to a single
terminal layer of Tu-GTP at the microtubule ends. Effective
computer models for microtubule dynamic instability have
been developed using the concept of a capping structure as
a working hypothesis. The initial modeling employed
random, uncoupled GTP hydrolysis (Chen & Hill, 1985). In
the alternative case with tight coupling between dimer
addition and GTP hydrolysis, Tu-GTP is confined to the
terminal positions in the microtubule lattice, consistent with
the above observations. This lateral cap model has been
elaborated in detail using Monte Carlo computer simulation
techniques (Martin et al.,1993; Bayley et al., 1990, 1994).

GDP inhibits both the extent and the rate of microtubule
self-assembly and induces at least partial disassembly of
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preformed microtubules (Carlier & Pantaloni, 1978; Zackroff
et al., 1980; Jameson & Caplow, 1980; Kristofferson et al.,
1982). The addition of GDP to microtubule protein has an
inhibitory effect on microtubule nucleation (Bayley et al.,
1986). The amount of polymer existing in the presence of
GDP depends on the relative nucleotide concentration
([GDPY/[GTP]) (Jameson & Caplow, 1980; Engelborghs &
Van Houtte, 1981). The critical concentration for assembly
of Tu-GDP is apparently very high, effectively infinite for
practical purposes (Jameson & Caplow, 1980; Engelborghs
& Van Houtte, 1981). The early observations on the effects
of GDP were difficult to reconcile with the classical model
for microtubule assembly (Oosawa & Asakura, 1975). In
particular, the significant effects of GDP on microtubule self-
assembly are difficult to reconcile with the limited GDP-
induced disassembly of preformed microtubules and the small
changes in the critical concentration, C.. These observations
led to doubts about the validity of the classical relation for
condensation polymers, C. = koi/kon (With ko and kos being
the empirical on and off rate constants for the equilibrium
between polymers and free subunits), for microtubules in
the presence of GDP (Zackroff et al., 1980).

These results present a rather confusing picture of the
effects of GDP on microtubule dynamics, due in part to the
limited understanding of the true nature of microtubule
dynamics and, in particular, of the relationship between the
critical concentration, C, and the empirical kinetic param-
eters for microtubule growth and shortening (see Discussion).
Also, previous observations of the effects of GDP or Tu-
GDP on microtubule dynamics have mostly been done in
the presence of MAPs.

In the present work, we have examined the effects of Tu-
GDP on tubulin microtubules under conditions of dynamic
instability. In this regard, we have assessed the influence
of the degree of saturation of the pool of soluble tubulin
with GDP on the apparent critical concentration of micro-
tubule assembly, the dynamic length redistribution within
the microtubule population, and the rates of growth and
shortening of single microtubule ends. The results are
discussed in terms of the basic relations between the
observable parameters of microtubule dynamics, and they
show experimentally that Tu-GDP can alter microtubule
dynamics under conditions where the bulk disassembly of
microtubules is little affected. This behavior and the striking
appearance of irregular microtubule growth in the presence
of Tu-GDP are readily simulated within the lateral cap model
(Martin et al., 1993) using parameters previously deduced
for the interaction of Tu-GDP with microtubule ends. In
this model the affinity of Tu-GTP for the microtubule end
is postulated to be significantly decreased by the presence
of Tu-GDP generated in the terminal layer by previous Tu-
GTP hydrolysis. The present work confirms this postulate
under conditions where Tu-GDP is introduced as a controlled
proportion of the free tubulin concentration. These results
thus show how Tu-GDP, or a species acting in an analogous
fashion, could act as a potential regulator of microtubule
dynamic behavior ir vivo.

MATERIALS AND METHODS

Materials. MAP-free tubulin was prepared as described
(Clark et al., 1981) and was stored at —70 °C in 50 mM
Mes buffer, pH 6.5, 0.1 mM EGTA, 7 mM MgCl,, and 3.4
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M glycerol. Before each experiment, a suitable sample was
assembled and the microtubules were pelleted and resus-
pended in 106 mM Pipes, pH 6.5, 0.1 mM EGTA, and 1.7
mM MgCl, (PEM buffer). Alternatively, the microtubules
were resuspended in the same buffer containing 1 M glycerol
(PEMG). Seeds for seeded-assembly studies were prepared
by cross-linking small microtubule fragments with ethylene
glycol bis(succinic acid N-hydroxysuccinimide ester) (EGS)
(Koshland et al., 1988). Seeds were stored at room
temperature in PEM buffer (plus 10 mM glutamic acid, 1.5
M sucrose, and 6 mM NaN3). Prior to each experiment the
seeds were sedimented (100000g) and resuspended in the
appropriate buffer.

GTP and acetyl phosphate were from Sigma Chemical Co.;
UTP, UDP, nucleoside-5’-diphosphate kinase (NDPK), and
acetate kinase were from Boehringer Mannheim. The purity
of UTP was verified by high-performance liquid chroma-
tography (HPLC), and UTP was found to contain 7% UDP.
The Bradford reagent was from Bio-Rad Laboratories GmbH.

The concentrations of tubulin and guanosine nucleotides
in the samples were calculated from the absorption at 278
and 255 nm with extinction coefficients for tubulin of 1.2
(278 nm) and 0.646 mg™! mL cm™! (255 nm) and values
for guanine nucleotide (GDP and GTP) of 7.663 (278 nm)
and 12.167 mM~! cm™! (255 nm) (Engelborghs et al., 1993).
The concentrations of UTP and UDP stock solutions were
determined spectroscopically using an extinction coefficient
of 10.0 mM~! ¢cm™! at 262 nm.

Establishing the Fraction of Tu-GDP in Solution. In order
to establish a fixed [GDP)/[GTP] ratio in solution, we used
the method described by Kristofferson et al. (1982). The
concentration of free guanine nucleotide in solution was low,
generally some 2.5 times the total tubulin concentration.
Under these conditions the [GDP)/[GTP] ratio may be
buffered by adding large amounts of UDP and UTP (total
[uridine nucleotide] = 1 mM) and 2 units/mL. NDPK. The
following equilibrium is established by the enzyme:

UTP + GDP = UDP + GTP

Since the transphosphorylase equilibrium constant of NDPK
is unity, the ratio [GDP)/[GTP] equals the ratio [UDP}/
[UTP]. If the ratio of the association constants of GTP and
GDP for the tubulin E-site is known (6 = Kgrp/Kgpp), then
the [GDPJ/{GTP] ratio can be chosen to give the required
[Tu-GDP]. On the basis of available information, we have
used 6 = 2.5 (Carlier & Pantaloni, 1978; Zeeberg & Caplow,
1979; Kristofferson et al., 1982; Fishback & Yarbrough,
1984; Martin & Bayley, 1987).

In addition, a mild GTP-regenerating system was added
(0.1 wnit/mL AK, 0.5 mM acetyl phosphate) to help
overcome the continuous hydrolysis of GTP at the micro-
tubule ends. The effect of acetate kinase on the transphos-
phorylase system was tested separately. Under the conditions
of our experiments, | mM UDP is converted to UTP with
an initial rate of 2 x 107> mM min~!. However, | mM
UTP is not hydrolyzed to UDP by AK. Therefore, in the
presence of NDPK the phosphorylation of UDP by AK
together with the phosphorylation of GDP results in the
desired regeneration of GTP. Under the experimental
conditions, the rate of GDP transphosphorylation is one and
one-half times faster. The steady-state hydrolysis of GTP
at the microtubule ends was estimated at 3 x 107° mM min~!
(O’Brien et al., 1987; Melki et al., 1990).
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Table 1: Efficacy of the GTP/GDP Coupled Enzyme Buffer

an FD; FTS xD’ A
0.000 0.114 0.828 0.052 0.052
0.050 0.191 0.704 0.098 0.048
0.100 0.293 0.652 0.152 0.052
0.150 0.328 0.563 0.189 0.039
0.200 0.329 0.547 0.194 -0.006
0.250 0.486 0.457 0.298 0.048
0.300 0.474 0.387 0.329 0.029
0.400 0.573 0.324 0414 0.014
0.500 0.617 0.223 0.525 0.025

¢ Radioactive GTP was added to the system during the experiment.
At the end of the experiment, microtubules were separated from the
solution by ultracentrifugation, and the nucleotide composition of the
supernatant was determined by HPLC analysis. Typically, each sample
was separated into three fractions corresponding to GMP, GDP, and
GTP; the solvent front was pooled with the GMP fraction. The fraction
of GDP in solution, FD;, is calculated as [GDP)/([GMP] + [GDP] +
[GTP)); the fraction of GTP in solution, FTs, is calculated as [GTP}/
([GMP] + [GDP] + [GTP]). The nominal mole fraction of Tu-GDP,
xp", is calculated from the nominal amounts of applied UTP and UDP
using a value of 8 = 2.5; the “real” mole fraction of Tu-GDP in
solution, xp, is given by 1/(1 + OFTJ/FDy); A = xp* — ap”.

The performance of the GTP/GDP buffer system was
checked by adding radioactively labeled GTP to the system
during the experiments. At the end of the experiments, the
microtubules were spun down and the nucleotide composition
of the supernatant was analyzed by high-performance liquid
chromatography [see Martin et al. (1987), Schilstra et al.
(1991), and Vandecandelaere et al. (1994)]. The results are
given in Table 1. Deviations from the desired level of Tu-
GDP were less than 3% when xp > 0.25. However, for low
total Tu-GDP percentages the deviation could be as large as
5%. This problem derives in part from the impurity of UTP
but, in general, is hard to avoid, as even in the presence of
a powerful GTP-regenerating enzyme system, approximately
5% GDP is often found to be present in solution [see, e.g.,
Schilstra et al. (1991)]. The levels of Tu-GDP that are given
in the text and the figures refer to the nominal values based
on the added ratio UTP/UDP. In order to check the validity
of the results in the presence of UTP (“in the absence” of
Tu-GDP), the measurements of the dynamic length redis-
tribution over 60 min and the rate of growth have been
repeated under conditions of fast GTP regeneration (1 unit/
mL acetate kinase, 2.5 mM acetyl phosphate) in the absence
of the NDPK buffer system.

Determination of Apparent Critical Concentration. The
effect of Tu-GDP on the critical concentration for assembly
was assessed as follows. Phosphocellulose-purified tubulin
was assembled at 37 °C in PEM buffer in the presence of
NDPK. At steady state, UDP and UTP were added at the
different ratios required to establish the desired levels of Tu-
GDP. The system was then left to equilibrate for a further
60 min at 37 °C. The microtubules were then sedimented
at 100000g, and the concentration of protein in the super-
natant was determined by Bradford analysis. The concentra-
tion of tubulin determined in this manner represents the free
dimer concentration in solution at the established total
concentration, C,, of tubulin in the system, and is referred
to as the apparent critical concentration, C.".

Determination of Microtubule Length Distributions.
Samples (typically 5 ul.) taken for the determination of
length distributions were diluted 10-fold in PEM containing
0.25% glutaraldehyde. After approximately 30 min at room
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temperature this solution was diluted 20-fold in PEM.
Images of fixed microtubules were taken as soon as possible
by dark-field videomicroscopy (Nikon Diaphot microscope
and Sony CCD camera) (Bayley et al.,, 1993). The images
were enhanced by integrating 256 frames (Hamamatsu
Argus-10 image processor) and were stored for subsequent
analysis (software of the Bio-Rad MRC-600 confocal
microscope). A typical field contained between 20 and 40
microtubules, and several non-overlapping fields were col-
lected at random for each sample. The lengths of all the
microtubules in a single field were measured, providing that
microtubule bundling did not make it impossible to discrimi-
nate between two or more microtubules. For each sample,
between 100 and 200 microtubules were measured in order
to construct a length distribution histogram for the population.

Determination of Growth Rates for Individual Microtu-
bules. The effect of Tu-GDP on the growth rate of individual
microtubules was measured using dark-field videomicroscopy
(Bayley et al., 1994). EGS-cross-linked seeds were prepared
as in Koshland et al. (1988). Microtubules were grown on
EGS-cross-linked seeds at 37 °C in the presence of the UTP/
UDP equilibrating system. EGS seeds were deposited on a
clean coverslip and allowed to attach at room temperature.
The seeds were then placed in a flow-cell, washed with
buffer, and exposed to different mixtures of Tu-GDP/Tu-
GTP prior to examination in the microscope. Real-time
images were processed by background subtraction and
averaging. The enhanced images were stored on S-VHS
videotape for subsequent analysis. A length versus time
diagram (L(¢) plot) was established of single microtubules
by sampling the position of the ends with 2—5-s intervals.
Phases of growth and shortening and the occurrence of
inflection points during growth were distinguished by visual
inspection. Growth and shortening rates were determined
by application of a straight line through extended portions
of monotonous change in the L(¢) plot. The in-plane optical
resolution was approximately 0.5 um.

Computer Simulation. The behavior of a single microtu-
bule under different solution conditions was simulated using
the lateral cap formulation described by Martin et al. (1993).
The choice of parameters and formulation of the numerical
simulation are discussed under Results.

RESULTS

Unless indicated otherwise, phosphocellulose-purified tu-
bulin (60 uM) was assembled at 37 °C in the presence of 2
units/mL. NDPK, 0.1 units/mL. AK, and 0.5 mM acetyl
phosphate. Fifteen minutes after the start of assembly the
solution was divided into separate samples, and the mixture
of UDP and UTP (total [uridine nucleotide] = 1 mM) was
added as required to establish the desired level of Tu-GDP
in solution, xp (= [Tu-GDPJ/{[Tu-GTP] + [Tu-GDP]}).
Fifteen minutes later an aliquot from each sample was taken
and diluted into 0.25% glutaraldehyde (PEM) for length
measurement. The samples were then left to incubate for a
further 60 min at 37 °C before a second aliquot for length
measurement was collected. The remaining solution was
centrifuged at 100000g, and the concentration of protein in
the supernatant was determined by Bradford analysis.

In order to measure the effect of Tu-GDP on the dimer
exchange in the polymers, controlled amounts of radioac-
tively labeled GTP were added to the system [for details of
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FIGURE 1: Effect of Tu-GDP on the apparent critical concentration
for microtubule assembly. The apparent critical concentration, C.’,
is shown as a function of the mole fraction of Tu-GDP in solution,
xp, expressed as percent Tu-GDP. The bars give the standard
deviation on the mean of four to six measurements. Shown in the
inset are the calculated values for the critical concentration for both
the a-out (CJ) and the S-out (M) ends of a 13-protofilament A-lattice.
These values are calculated using the lateral cap model for
microtubule dynamic instability.

the method, see Martin et al. (1987), Schilstra et al. (1991),
and Vandecandelaere et al. (1994)]. A trace amount of “C-
labeled GTP was added at the start of assembly. Thirty
minutes later, a known trace amount of H-labelled GTP was
added to the samples. The amount of polymer present in
the system is deduced from the 1“C label, and the *H label is
used to monitor the relative exchange of dimer between the
polymeric and the soluble phases. Aliquots for nucleotide
analysis were taken 60 min later, and after the centrifugation
the nucleotide compositions of the supernatant and the
microtubule pellet were also determined. Because this
method is based on the analysis of changes in the fractions
of [“C]GDP and [*H]GDP in the system, the use of low
absolute amounts of GDP is required in order to optimize
the signals. The NDPK transphosphorylation buffer was
introduced to deal with this requirement.

(1) Effect of Tu-GDP on the Apparent Critical Concentra-
tion. Figure 1 shows that moderately high levels of Tu-
GDP (xp =< 0.5, 50% Tu-GDP) have only a relatively small
effect on the apparent critical concentration, C., of the
microtubules. Above this value the apparent critical con-
centration increases in a strongly nonlinear manner. Also
shown in Figure 1 is the predicted dependency of the critical
concentration, C;, on [Tu-GDP] according to simulations
using the lateral cap formulation for microtubule dynamic
instability, details of which are given later (see section 4).
C. is determined by the intercept of the overall growth rate,
Jon, With the abscissa of a simulated J,,(C) plot, i.e., Jon(Cc)
= 0 um min~!. The qualitative agreement between the
simulated behavior and the experimental observations is
encouraging.

(2) Effect of Tu-GDP on Microtubule Length Redistribu-
tion and Relative Dimer Exchange. The effect of low levels
of Tu-GDP (xp < 0.5) on the exchange of dimer between
the polymer phase and the solution was initially monitored
in the presence of 1 M glycerol [cf. Vandecandelaere et al.
(1994)]. The analysis of the nucleotide composition of the
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FIGURE 2: Effect of Tu-GDP on the microtubule length redistribu-
tion. Samples for length measurement were taken 30 min after the
start of assembly (5, (L)) and 60 min later (feo, {L)so) after
incubation with Tu-GDP. (A) Length distribution of a microtubule
population at time #; (filled bars) and at #s (open bars): (a) xp.=
0.00 ({LY)o = 25.3 um; (LYso = 33.0 um); (b) xp = 0.05 ({(L)o =
26.2 um; (Lyso = 29.2 um); (c) xp = 0.10 ({L)o = 26.7 pm; (Lo
= 27.4 um); (d) xp = 0.15 ((L)o = 27.0 um; (L)so = 29.5 um); (e)
xp = 025 ((Lyy = 26.3 um; (LYso = 28.5 um); (f) xp = 0.40 ((L)o
= 24.0 um; (L)so = 23.3 um). The histograms have been normalized
against the number of measured microtubules in each sample. (B)
Change in average length, (L)so — (L)o, of microtubule populations
after 60 min incubation at 37 °C represented as a function of percent
Tu-GDP in the solution. The bars give the standard deviation on
the mean of at least four measurements.

supernatant showed that the effective level of Tu-GDP in
solution ranged from xp = 0.05 to xp = 0.53. Within this
range the relative exchange of dimers in the microtubules is
found to be very small (of the order of 6%) compared with
43% previously found in the absence of GDP (Schilstra et
al., 1991). At low levels of exchange the method is not
sensitive enough to detect changes in the relative exchange
with the variation in mole fraction of Tu-GDP. Therefore,
in subsequent experiments, the PEM buffer (without glycerol)
was used since it supports a greater dynamic activity.

The effect of Tu-GDP on the length redistribution of the
microtubule population is shown in Figure 2A. In conditions
of dynamic instability, some of the microtubules in the
population, particularly the short ones, may disappear during
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periods of rapid shortening. As a result the average length,
(L), of the population tends to increase. The probability of
disappearance is high when the average length excursion,
ALay,, is high. Therefore, the extent to which the average
length of the population increases in a fixed period will be
high when AL, is high. In Figure 2B the difference
between the average length of the population after a 1-h
incubation at 37 °C ({Leoy) and the corresponding initial
average length ((Lo}) is plotted as a function of percentage
Tu-GDP. Tu-GDP suppresses the length redistribution at
levels where the effect on the critical concentration (Figure
1) is only moderate. Thus, the average length change is
reduced from 5.6 £ 1.6 um in the absence of Tu-GDP to
0.6 + 2.5 um in the presence of 40% Tu-GDP. In the
presence of a fast GTP-regenerating system without the
NDPK buffer (see Materials and Methods) a change of 6.0
#+ 2.1 um after 60 min was measured, confirming the value
measured at 0% Tu-GDP. Although the length histograms
(Figure 2A) show significant variability, the effect of Tu-
GDP in suppressing the limited length redistribution is clear.

In earlier work the effects of Tu—drug complexes (drug
= podophyllotoxin or colchicine) on microtubule dynamics
were studied in a buffer containing 1 M glycerol (PEMG)
(Schilstra et al.,, 1989; Vandecandelacre et al., 1994).
Although the level of dynamics is reduced in this buffer
system (Schilstra et al., 1991), the microtubule ends are still
sufficiently dynamic to allow the study of the effects of the
Tu—drug complex on the parameters of dynamic instability.
The principal advantage of PEMG is that the reproducibility
of the initial length distributions is very good, and the
resulting experimental variation falls within the limits of
variability of a single experiment. In addition, owing to the
lower critical concentration in PEMG, the detection limit for
nucleotide exchange is reduced. In the present study,
glycerol was left out of the buffer in order to increase the
level of microtubule dynamics. However, because of the
higher level of dynamic instability and the higher critical
concentration in PEM, the microtubules are initially much
longer than in a glycerol-containing buffer ({Lo) = 24.6 £
5.0 um in PEM compared with 7.9 + 2.8 ym in PEMG).
Furthermore, the differences between the initial length
distributions of otherwise comparable samples are more
pronounced than in PEMG, which contributes to an increased
experimental variability.

(3) Effect of Tu-GDP on the Growth Rates of Individual
Microtubules. Growth rates (R;) for individual microtubules
at 37 °C were determined in dark-field microscopy using
small EGS-cross-linked microtubule fragments as seeding
structures. The growth rates were measured in PEM buffer
for both the fast- and the slow-growing ends of the seeds in
the presence of different amounts of Tu-GDP. These
measurements were made at one single concentration of
tubulin in solution, C, well above C.’, because at the steady
state the effect of a high level of Tu-GDP (xp > 0.15) is to
reduce the average length excursion of the growing phases
to the point where accurate measurements of R; are no longer
possible. This approach assumes that the effect of Tu-GDP
on R, at C, can be extrapolated to the steady state. This
was confirmed by measurements at the approximate C.” for
0 < xp < 0.15 (results not shown). Microtubule growth of
the fast-growing end is illustrated in Figure 3A; the exact
conditions are indicated in the legend. Length is plotted
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FIGURE 3: Experimental observation of the effect of Tu-GDP on
microtubule growth. (A) Length versus time plots of the fast-
growing ends of a microtubule. Growth of EGS-cross-linked
microtubule fragments was monitored by dark-field videomicros-
copy at 37 °C. The concentration of tubulin, C,, was 14.3 uM (upper
three curves) or 17.7 uM (lower curve), and the solutions contained
in descending order 0%, 25%, 40%, and 55% Tu-GDP. The curves
have been translated along the ordinate to avoid overlap. At higher
levels of Tu-GDP (xp > 0.4) the behavior of the two ends of a
single microtubule is similar, and the assignment of the ends
becomes ambiguous. (B) Measured growth rates, R,, as a function
of percent Tu-GDP at C, = 14.3 uM. Values of R, are given for
the fast-growing end (M) and the slow-growing end (®). The bars
give the observed variation in R,, irrespective of whether these
values are observed in a single microtubule or in the microtubule
population. The arrows indicate the growth rate of the fast-growing
(solid arrowhead) and the slow-growing ends (open arrowhead) in
the presence of a fast GTP-regenerating enzyme system (see text).

versus time for the fast-growing end in the absence and
presence of 25%, 40%, and 55% Tu-GDP. Both ends of a
single microtubule were measured, and the discrimination
between the fast- and the slow-growing ends was based on
the measured rates. At higher levels of Tu-GDP the rates
for the two ends are similar, and their assignment becomes
ambiguous, even if the size of the length changes during
single excursions of growth or shortening is included in their
assignment. [For a discussion of the intrinsic ambiguity in
assigning the fast- and slow-growing ends, see Kowalski and
Williams (1993).]

The data indicate that an increased saturation of tubulin
with GDP affects the rates during periods of growth in a
rather subtle manner. Figure 3B shows the values of the
growth rate as a function of percent Tu-GDP (measured at
C, = 14.3 uM) for the two ends of single microtubules.
Under the conditions employed, Tu-GDP has a more
significant effect on the growth rate for the fast-growing end,
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Rgs. At 14.3 uM total tubulin Rys = 3.9 £ 0.4 ym/min in
the absence of Tu-GDP and 2.6 4+ 0.5 um min~! in the
presence of 40% Tu-GDP. The growth rate of the slow-
growing end, Ry, remains at 2.3 =+ 0.5 um min~! throughout.
Again, the value measured for 0% Tu-GDP was checked by
performing the same experiment in the presence of a fast
GTP-regenerating system without the NDPK buffer (see
Figure 3B). The following values were measured: Rgs =
3.5 £ 0.4 um min~! for the fast-growing end, and R, =
2.5 £ 0.3 ym min™! for the slow-growing end. This result
indicates that the values are not affected by the presence of
traces of UDP in the UTP product. Although Tu-GDP does
not affect the value of R,y very much, comparing, for
example, growth in 40% Tu-GDP with growth in the absence
of Tu-GDP in Figure 3A reveals decreased regularity of
growth with increasing levels of Tu-GDP. Thus, in the
presence of 40% Tu-GDP, Ry was found to range from 1.4
to 3.3 um min~! for the illustrated end during a single
excursion of growth (excluding the pause; see below). In
the absence of Tu-GDP, such variation in Rg¢ was not
observed for growth of a single microtubule end but does
exist in the population of growing ends. The data in Figure
3B incorporate all the variations seen in Ry, including those
in the length versus time plot of a single microtubule. The
intrinsic irregularity of microtubule growth has been reported
before (Gildersleeve et al., 1992); this irregularity is clearly
enhanced by Tu-GDP.

As illustrated in Figure 3A, the probability of observing
transitions from the growing to the shortening state (G —
S) increases with increasing levels of Tu-GDP, even at
concentrations significantly above C.. Also, pause periods
during which little or no net growth (or shortening) is
observed become more frequent at higher percentages of Tu-
GDP (illustrated at 40% Tu-GDP, C, = 14.3 uM). Further-
more, particularly when a high concentration of tubulin is
combined with a high saturation with GDP, phases of
remarkably slow shortening can also be observed (illustrated
at 55% Tu-GDP, C; = 17.7 uM). These observations
illustrate the complicated nature of the rates of growth and
shortening, which both reflect a balance between addition
and dissociation reactions of dimers to the microtubule lattice.
Because the amplitudes of the phases of shortening (Figure
3A) are rather brief in time and small in length, only a low
number of points are sampled during shortening. Hence,
the rates during shortening of microtubules in these condi-
tions are only poorly defined. Measurements of shortening
rates of, e.g., the fast-growing ends gave values of 16—33
um min~! for xp = 0.1—0.4, and within the limits of accuracy
in our optical system no obvious dependence of R, on xp
was observed. A combined rate of shortening was calculated
for the fast-growing end (Ry¢ = 25 & 8 um min™!) and for
the slow-growing end (R;s = 15 £ 8 yum min™!).

No attempt was made to estimate the transition frequen-
cies, T,"! and T;™!, for the following reasons: (1) A single
microtubule may not be representative of the entire popula-
tion. Therefore, an unrealistically large number of observa-
tions of transitions of a single end would be required to
produce reliable estimates of the average lifetimes for growth,
T, and shortening, 7, [see Bayley et al. (1991)]. (2) Both
T, and T; depend in a sensitive nonlinear manner on the dimer
concentration in solution (Walker et al., 1991; Bayley et al.,
1994). Therefore, significant experimental uncertainties in
the value of C. would make it difficult to assess the effect
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FIGURE 4: Addition of a tubulin o/3-heterodimer to the microtubule
lattice according to the lateral cap formu tion for microtubule
dynamic instability. The f-out end of the 1 protofilament A-type
and B-type lattices are shown in part (:+ ading, a-subunit; no
shading, f-subunit). A typical site of ad ition is given by the
configuration XZY. The affinity of the o3- zterodimer for this site
is a function of the nature of the nucleo de (GTP or GDP) on
B-subunits X and Y. The affinity for the sites in ascending order is
DD < DT = TD < TT, with T for GTP and D for GDP. Upon
addition of the dimer, GTP on subunit Z is hydrolyzed [see Figures
1 and 2 in Martin et al. (1993)].

of Tu-GDP on the transition frequencies. However, the
combined effect of Tu-GDP on the critical concentration,
the dynamic length redistribution, and the rates of growth
and shortening yields valuable information on the effect of
Tu-GDP on the transition frequencies (see Discussion).
(4) Numerical Simulation of the Effect of Tu-GDP on
Microtubule Dynamic Instability. A generalized numerical
model employing Monte Carlo methods has been developed
to treat the dynamic behavior of microtubule ends, based on
the lateral cap formulation for microtubule dynamic instabil-
ity (Bayley et al., 1990). In the current version of the model
[for details, see Martin et al. (1993)], the free energy changes
associated with the interactions of each individual subunit
with its neighbors in the lattice are considered. This
approach permits the treatment of the interaction of a subunit
with microtubule lattices of any specified symmetry, and for
binding at either end of the microtubule. From the sum of
the partial free energy changes upon incorporation in the
lattice, the corresponding affinity of a subunit for any
particular site in the lattice is deduced. Dissociation rate
constants are calculated from these affinities, using specific
assumptions about the association rate constants (see below),
The addition of a dimer in solution to a site in the
microtubule end is illustrated in Figure 4, which shows part
of the B-out end of the 13-protofilament A- and B-lattices.
A typical site of addition is given by the configuration XZY.
The affinity of a dimer for this site depends on the number
of interactions with adjacent subunits and the nature of the
nucleotide (GTP or GDP) on the E-site of the neighboring
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Table 2: Rate Constants for the Dissociation of Tu-GTP and
Tu-GDP from Four Different Sites at the @~ and $-Out Ends of the
13-Protofilament A-Lattice”

fB-out end a-out end

site (XY)  k—gxy 5™V k—pmy (s™D k-;r.rxy(S") k__ufxy(.‘i'l)

TT 2.0 10.8 10.2 200.0
D 17.6 51.2 20.6 2222
DT 228 754 26.8 3334
DD 200.0 363.6 548 363.6

“The association constants of Tu-GTP, Krxy, and Tu-GDP, Kpay,
for the specified sites are calculated from six free energy difference
terms and are given in Table 2 in Martin et al. (1993). Here, the
association rate constant, k; xy, 1s assumed to be identical for Tu-GTP
and Tu-GDP and independent of the nature of the nucleotides in
positions X and Y (see Figure 4): kitxy = kepxy = 2 x 100 M™!
s~ !, The dissociation rate constants are calculated as k- txy = k+1cy/
Ky and k- pxy = k+ pixy/Kpxy.

subunits X and Y. The affinity is highest if the nucleotides
on both subunits X and Y are GTP (shorthand notation: TT-
site), and it is lowest with X and Y containing GDP (DD-
site), with intermediate affinities for the TD- and DT-sites.
What distinguishes the lateral cap model from other models
[e.g.. Chen and Hill (1985)] is its postulate that GTP on
subunit Z is hydrolyzed upon the addition of any dimer to
the site XZY. With these postulates and assumptions it is
possible to simulate the dynamic behavior of a microtubule
end by computer calculation for all lattice types.

The purpose of the simulation is to see how the concepts
of the detailed model are able to reproduce the type of
behaviour observed experimentally. In view of the experi-
mental uncertainties in determining the absolute values of
observable quantities characterizing microtubule dynamics,
this study does not attempt a refinement of the input
parameters of the model to seek a precise numerical fit to a
set of experimental data. In the present work, the calcula-
tions have been performed on the 13-protofilament micro-
tubule A-lattice. The input parameters for the simulation
are the set of site dissociation rate constants, k- xy and
k- prxy. calculated from the site affinities, Krxy and Kpxy.
These affinities derive in turn from only six free energy
difference terms [see Table 2 in Martin et al. (1993)]; the
site association rate constant, k4 xy, was set at 2 x 106 M~/
s !irrespective of the nature of the nucleotide on the dimer
being added, or in other words, it is assumed that ky 1xy =
ki pmy. The resulting site dissociation rate constants are
given in Table 2. This self-consistent treatment indicates
that although the affinity of Tu-GDP for a DD-site at both
the a-out and the S-out end is low (resulting in a high value
for k- ppp = 364 s71), this affinity is significantly higher if
the neighboring subunits contain E-site GTP (e.g., for the
f-outend: k-prr=11s" kopmp=51s" koppr =75
s '). In addition, the affinity of Tu-GDP for T-containing
lattice sites in the /3-out end is of a similar order of magnitude
to the affinity of Tu-GTP for similar sites.

The simulation for a particular end consists of the
construction of a plot of growth rate as a function of tubulin
concentration [J,,(c)] [see Martin et al. (1993)]. The critical
concentration, C., is derived from the intercept with the
abscissa in such a Jo,(c) plot. The changes of the calculated
critical concentration with percent Tu-GDP are shown in
Figure 1 for both the o-out and the f$-out end of the 13-
protofilament A-lattice. As mentioned above, no quantitative
similarity with the observations was aimed at. Nevertheless,
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FIGURE 5: Simulation of the effects of Tu-GDP on microtubule
dynamics. Computer simulations were based on the lateral cap
formulation for microtubule dynamic instability (cf. Figure 4) and
were performed on the 13-protofilament A-lattice. The effects of
Tu-GDP on the length changes of the S-out end at steady state
(left panel), at C; = C, + 1 uM (middle panel), and at C; = C, +
5 uM (right panel) are shown. From top to bottom Tu-GDP ranges
are xp = 0.00 (C; = 8.25 uM), xp = 0.25 (C. = 19 uM), xp =
0.50 (C. = 35.2 uM), and xp = 0.75 (C. = 67.7 uM). The curves
have been translated along the ordinate to avoid overlap.

Figure 1 demonstrates a good agreement of the observed
dependence of the apparent critical concentration on Tu-GDP
with the calculations of the model. According to the lateral
cap model, the response of both microtubule ends to elevated
levels of Tu-GDP is similar, with the S-out end more
sensitive, and the change in the critical concentration is
moderate up to xp = 0.5. Thus, only at high percentages of
Tu-GDP in solution does the microtubule polymer mass
become significantly dependent on xp. However, low levels
of Tu-GDP are predicted to significantly affect the dynamic
behavior of the microtubule ends (see below).

Figure 5 shows the calculated effects of Tu-GDP on the
dynamics of the 8-out end. The length versus time diagram
clearly indicates that Tu-GDP causes a remarkable suppres-
sion of the average length excursions during growth and
shortening. These simulations were performed both at steady
state of assembly and in conditions of growth, i.e., Cs > C;
note the increase of C; with Tu-GDP. In all cases, growth
and shortening become highly irregular in the presence of
Tu-GDP, and especially considering the increase of C,, Tu-
GDP causes a significant reduction of the overall growth
rate. Under certain conditions of Cs and xp, “pause” periods
of no net length change are observed, although addition and
dissociation of dimers to the end still occur with high
frequency. Finally, at high levels of Tu-GDP it is no longer
possible to characterize the dynamics of the end at steady
state in terms of the parameters of a two-phase system. Figure
6A shows the effect of Tu-GDP on the growth rate, Ry, of
the a-out and B-out ends at a constant C well above C..
The results are presented relative to the value of R, in the
absence of Tu-GDP. In agreement with the results in Figure
3B, only a small reduction of R; by moderate levels of Tu-
GDP is predicted. Figure 6A indicates that the effects on
R, become progressively greater at higher levels of Tu-GDP.
This is mainly due to the effect on R; of the increased
contribution of dissociation events. The different response
of the ends is related to the fact that the two ends have
different critical concentrations. Figure 6B shows the effect
of moderate levels of Tu-GDP on the average lifetime of
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FIGURE 6: Calculated effects of Tu-GDP on the growth rate, Ry,
and the lifetime of growth, T},. (A) Effect of Tu-GDP on the growth
rate, R, of the a-out and B-out ends. Rates are expressed relative
to the rate of growth in the absence of Tu-GDP, Rg. The total
concentration of tubulin in solution was kept constant at 100 uM;
Ry = 24.5 ym min~!, and Rgoﬂ = 25.2 um min~!. (B) Effect of
Tu-GDP on the average time of growth, Ty, of both the a-out (O)
and the fS-out ends (M) at steady state. Again, values of T, are
expressed relative to the value in the absence of Tu-GDP, Tyo; Tgo®
= 0.55 min, and Ty = 2.13 min. Note the strong dependence of
T; on very low levels of Tu-GDP.

the growth phase, T, of both the a-out and the S-out ends.
Although low levels of Tu-GDP do not significantly affect
the critical concentration and the growth rates, T is strongly
affected in this range. In particular, the dynamic properties
of the S-out end are strongly affected by Tu-GDP. The
significant reduction of the dynamic length changes by low
levels of Tu-GDP shown in Figure 2 supports this prediction
of the simulation. Thus, despite the fact that few macro-
scopic changes can be observed, the lateral cap model
predicts a sensitive dynamic response of the microtubule ends
in the low Tu-GDP range, with a dramatic reduction of the
lifetime of the growing state, T,, and, conseéquently, a
reduction of the average length excursions, ALgyg.

DISCUSSION

(1) Effect of Tu-GDP on Empirical Parameters of Micro-
tubule Dynamic Instability. Regardless of the choice of
model for the molecular mechanism of microtubule dynamic
instability, the population behavior of microtubules undergo-
ing simple two-state behavior can be described by four
empirical parameters at any tubulin concentration, C;: the
mean rates of growth and shortening (R, and R;) and the
mean lifetimes of the growing and shortening states (T and
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T,) (Bayley et al., 1989). The effect of any agent can be
investigated in terms of its influence on each of these
parameters. At steady state of assembly, the polymer is in
equilibrium with free tubulin (the critical concentration C,)
and R,T; = R,T,. The behavior of a single microtubule over
long times may be described by the same growth and lifetime
parameters. The average length excursion, ALy, during
periods of growth and shortening is given by R,T, for growth
and R, for shortening. At steady state of assembly,

AL,,=RT, =TT, (1)

In this equation R, represents a combination of the growth
rates, Ry ¢ and Ry, of the fast-growing and slow-growing ends
of a single microtubule. Similarly, R is given by the
combination of the rates of shortening of both ends of a single
microtubule. Observed values for R; and R, represent a
balance between addition and dissociation events, and
therefore, observed rates of growth and shortening may not
always be a reflection of the empirical rate constants ko, and
kot for addition and loss of dimer as defined by generalized
kinetic equations [e.g., Walker et al. (1988), O’Brien et al.
(1990), Pryer et al. (1992), and Simon et al. (1992)]. Thus,
only in conditions where all soluble tubulin is Tu-GTP and
the dissociation of dimer can be neglected, i.e., at C, > C,,
can an optimal observable growth rate be defined as R, =
Cikytrmn = Cikon, Where ko/ry is the site-specific association
rate constant for Tu-GTP (Figure 4), and #n is the average
number of association sites in the microtubule end. Simi-
larly, a maximal observable shortening rate can be defined
by R = k_pppn (Bayley et al., 1990). At steady state of
assembly, i.e., C; = C., expressions for R; and R, adopt a
more complex format reflecting the balance between as-
sociation and dissociation events and the average mixed
composition of a microtubule end. Since the average
composition of a microtubule end is different during phases
of growth and shortening, and since at steady state growth
and shortening are interconnected through eq 1, the critical
concentration, C, cannot be expressed as a ratio of two rate
constants (kq/k,,) as is the case for a condensation ho-
mopolymer (Oosawa & Asakura, 1975).

In agreement with many previous observations (Carlier
& Pantaloni, 1978; Zackroff et al., 1980; Kristofferson et
al., 1982), low to moderate levels of Tu-GDP do not have a
major effect on the apparent critical concentration of tubulin
microtubules. Saturating 60% of the soluble tubulin with
GDP increases C.” by a factor of 1.5, from 6.5 to 10.1 uM
(Figure 1). Tu-GDP also has a rather limited effect on the
rates of growth and shortening. Significant effects on the
rate of shortening were only observed at high total tubulin
concentrations with very high levels of GDP saturation. The
growth rate for the fast-growing end is reduced in the
presence of Tu-GDP; the rate for the slow-growing end is
not affected (by up to 40% Tu-GDP). In contrast, Tu-GDP
does have an appreciable effect on the extent of microtubule
length redistribution (Figure 2). Saturation of 40% of the
tubulin dimer with GDP is sufficient to abolish dynamic
length changes. This implies that the average length
excursions (AL,y) must be greatly reduced in the presence
of Tu-GDP. Within the limits of our observations, values
for the rate of growth slightly above C.” show linear
dependence on the concentration of tubulin in solution.
Therefore, the moderate effect of Tu-GDP on the observed
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growth rates (Figure 3B) suggests that the reduction of AL,,,
derives from a decrease in lifetimes (T and T,) rather than
in rates (R and Ry).

The observations in dark-field microscopy reveal an
increased occurrence of G == S transitions with increasing
GDP saturation, even under conditions well above C. .
Furthermore, the likelihood of microtubule ends entering a
pause state, i.e., a state during which no pronounced net
growth or shortening occurs, is seen experimentally to
increase with Tu-GDP (Figure 3A). In addition, at higher
Tu-GDP levels the individual growth phases become more
irregular and display a wider range of growth rates. Typi-
cally, for the fast-growing end in the absence of Tu-GDP
little variation in Ry¢ for a single microtubule is observed,
although a fairly wide range of values for R ¢ exists within
the microtubule population ((Rg) = 3.9 £ 0.4 yum min~! at
14.3 uM in the absence of Tu-GDP). However, at 40% Tu-
GDP in otherwise similar conditions R, ¢ was found to range
from 1.4 to 3.3 um min™! for a single microtubule end during
a period of continuous growth. These phenomena can be
understood in terms of the increased frequency of G == §
transitions in the presence of Tu-GDP. As a result of the
reduction of the average lifetimes (7, and Ty), the average
excursions of growth, AL, (= R.T;), and of shortening,
ALyygs (= RTy), are reduced and can be expected to fall
below the optical resolution of the microscope under certain
conditions of tubulin concentration and GDP saturation.
Under these conditions, T, and T cease to be observable
parameters and simply represent the average times between
the addition and the dissociation of a small number of dimers.

(2) Mechanism of Interaction of Tu-GDP with the Micro-
tubule Lattice. Previous treatments of the effects of Tu-
GDP (or GDP) on microtubule assembly properties fall into
three main classes (Kristofferson et al., 1982): (1) The Tu-
GDP present simply constitutes a pool of inactive tubulin
which does not participate (significantly) in the addition
reactions [e.g., Jameson and Caplow (1980), and Bayley and
Martin (1986)]. (2) Tu-GDP does support microtubule
elongation but with a reduced association rate constant [e.g.,
Carlier and Pantaloni (1978), and Kristofferson et al. (1982)].
(3) Tu-GDP does not support elongation but nevertheless
binds to the microtubule ends and stabilizes them [e.g.,
Zackroff et al. (1980), and Caplow and Reid (1985)]. At
the time when these models were formulated, little was
known about the nature of microtubule dynamics. In the
meantime, it has been shown that Tu-GDP binds to the
microtubule end with an apparent dissociation constant of
5.5 uM in the absence of MAPs and in a buffer containing
3.4 M glycerol (Carlier et al., 1987b), suggesting that the
affinity of Tu-GDP for the microtubule ends (in these
conditions) is only 1 order of magnitude lower than the
affinity of Tu-GTP for such ends.

In this work, the lateral cap model for dynamic instability
(Martin et al., 1993; Bayley et al., 1994) has been used to
simulate the effects of Tu-GDP on the dynamics of the S-out
end of the 13-protofilament microtubule A-lattice (Amos,
1979). For the details of the model the reader is referred to
Martin et al. (1993) or Bayley et al. (1994). Briefly, the
affinity for well-defined sites in the microtubule lattice is
calculated from free energy values which depend on the
number of interactions with adjacent subunits and the nature
of the nucleotide (GTP or GDP) on the E-site of the
neighboring subunits (see Figure 4). Thus, the affinity of



Effects of GDP on Microtubule Dynamic Instability

any dimer (Tu-GTP or Tu-GDP) for the site XZY in Figure
4 is highest if the nucleotides on both subunits X and Y are
GTP (shorthand notation: TT-site), and it is lowest with X
and Y containing GDP (DD-site), with intermediate affinities
for the TD- and DT-sites. Upon addition of a dimer to the
site XZY, GTP on subunit Z is hydrolyzed. The addition
of Tu-GTP to the lattice may create a new addition site which
can be either TT, TD, or DT, whereas the addition of Tu-
GDP creates a DT-, a TD-, or a DD-site. Assuming that
the intrinsic association rate constant, k+ xy, for any site XY
is the same for Tu-GTP or Tu-GDP at any site XY, one can
calculate the dissociation rate constant, k- xy, of each dimer
in the lattice from its affinity. This dissociation rate constant
is highest if XY is DD and lowest if XY is TT.

In the most general treatment of the lateral cap model
(Martin et al., 1993), it was deduced that the affinity of Tu-
GDP for the TT-site of the 5-out end of a microtubule should
be relatively high (e.g., about one-fifth that of Tu-GTP for
a TT-site) compared with the low affinity for Tu-GTP at a
DD-site. This suggests that Tu-GDP should have specific
and observable effects on microtubule dynamics, a prediction
which is confirmed in this work. Further, the addition of
Tu-GDP causes the hydrolysis of previously terminal GTP-
containing subunits, as well as creating new sites with
reduced affinity in which the Tu-GDP is the X or Y neighbor.
Consequently, the probability for a G — S transition to occur
is increased. Thus, according to the lateral cap model, Tu-
GDP modifies the composition of the microtubule ends in a
most subtle manner. On average, the number of high-affinity
TT addition sites is reduced by the addition of Tu-GDP. At
steady state, this condition increases the likelihood for
shortening; hence the requirement for a higher number of
addition events or, in other words, a higher critical concen-
tration. An indication that the composition of at least one
microtubule end is modified in the presence of Tu-GDP
was provided by the work of Engelborghs and Van Houtte
(1981).

The combination of the evidence from Figures 1, 2, and 3
indicates that the principal effect of Tu-GDP is on the
transition frequencies. The lateral cap model rationalizes
how the presence of Tu-GDP favors transitions from the
growing to the shortening state and hence reduces 7. As a
consequence of the increased number of G — S transitions,
more dimers are released into solution; hence a higher
apparent critical concentration in the presence of Tu-GDP.
However, the increase in soluble tubulin concentration results
in an increased number of addition events. As a result, the
likelihood for S — G transitions also increases. This leads
to a reduction of 7. If C.” were kept constant at its original
value in the absence of Tu-GDP, an increased likelihood of
G — S transitions by Tu-GDP would result in complete
disassembly of the microtubule: the lower affinity of dimers
for Tu-GDP-containing association sites in the microtubule
end would not support a sufficiently high number of addition
reactions to compensate for the increased likelihood of dimer
loss. Tu-GDP by itself does not favor the occurrence of S
— G transitions, but given its finite affinity for the micro-
tubule lattice, it does participate with Tu-GTP in addition
reactions which may lead to such a transition. Therefore,
the reduction of 7y by Tu-GDP must be regarded as
secondary to the effect of increasing C.”. In general, T, and
T, are not affected in a similar manner. It is not possible to
confirm whether Tu-GDP has specific inhibitory effects on
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microtubule growth in addition to its effects on the transition
frequencies. A reduction in Rg with Tu-GDP may reflect a
slight inhibition of growth by Tu-GDP (as implied by the
reduced affinity of dimer for GDP-containing binding sites
in the microtubule end), but it may also reprcsent an
increased number of dissociation events relative to the
number of addition reactions. The dependence of R; on xp
as predicted in Figure 6A derives principally from the
increased contribution of dissociation events to R,. This is
mainly due to a reduction in the number of high-affinity TT-
sites and a corresponding increase in the number of low-
affinity DT-, TD-, and DD-sites. This effect becomes
progressively more important at higher values of xp (see also
Table 2). The similarities between the predictions of Figure
6A and the observations of Figure 3B for the range 0 < xp
< 0.40 suggest that the effect of Tu-GDP can be attributed
to this mechanism. During shortening, too, addition reactions
occur, and their contribution can become significant. An
illustration of the latter effect is given by periods of slow
disassembly at high levels of GDP saturation and high
concentrations of tubulin (Figure 3A).

It should be emphasized that the lateral cap model provides
a kinetic scheme for the numerical treatment of the dynamic
behavior of single microtubule ends. As such it does not
define the specific molecular mechanisms involved in
microtubule dynamics. Thus, e.g., the present formulation
does not necessarily exclude the possibility of conformational
changes of subunits during association or dissociation
reactions (Howard & Timasheff, 1986; Melki et al., 1989;
Shearwin & Timasheff, 1992; Shearwin et al., 1994; Diaz
et al.,, 1994). Providing that such processes are not rate-
determining steps, no additional rate constants are required
in the model. Implied in the assumptions of the model is
the concept that lateral interactions between GDP-containing
subunits in the lattice are generally weaker than the cor-
responding lateral interactions between GTP-containing
subunits, whether these distinctions are caused by differences
in the intrinsic conformations of Tu-GDP and Tu-GTP [e.g.,
Melki et al. (1989), and Diaz et al. (1994)] or by other
structural factors. In addition, modeling based on free energy
considerations (Martin et al., 1993) shows that variations in
the microtubule lattice can produce significant differences
in kinetic properties; e.g., the 14-protofilament A-lattice
grows and shortens more slowly than the 13-protofilament
A-lattice. However, variations in protofilament number
appear to be infrequent (Chrétien et al., 1992) and may
contribute only to long-term changes in observed growth
rates. For convenience the simulations have been performed
using the fully symmetric 13-protofilament A-lattice. Recent
evidence indicates that the B-type lattice is present in
microtubules of brain tubulin and the A- and B-tubules of
flagellar outer doublets (Song & Mandetkow, 1993). In fact,
the uniqueness of the symmetry of the microtubule lattice
remains an open question. The occurrence of a wide
variation in the microtubule protofilament number within a
population after self-assembly implies the coexistence of
different lattice type contacts, and hence suggests that
thermodynamic differences between the different types of
lattice interactions are small. Therefore, a mixture of A-
and B-type lattice contacts may well be present in both single
microtubules and the microtubule population. Short-term
irregularities in microtubule growth have been observed by
Gildersleeve et al. (1992). These might correspond to
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changes of lattice symmetry, although the simulations in
Figure 5 show that irregularities are readily reproduced for
a single lattice type by the lateral cap model.

In summary, the principal effect of Tu-GDP on microtu-
bule dynamic instability is deduced to be an increase of the
frequency of the transitions between the phases of growth
and shortening. With increasing levels of Tu-GDP in
solution, microtubule dynamics cease to conform to a simple
two-phase process. Growth and shortening become more
irregular, and on average, the length excursions of the
microtubule ends are reduced. According to the lateral cap
model, the addition of Tu-GDP to the lattice can only create
new addition sites of the type TD, DT, or DD, and on average
the number of highest affinity TT-sites per end is reduced.
The experimental data are well reproduced by computer
simulations based on this model. In view of its interactions
with the microtubule ends, Tu-GDP seems to be a potential
endogenous regulator of microtubule dynamics, whose effects
would be dependent on Tu-GTP/Tu-GDP concentrations in
the vicinity of a microtubule end. More generally, as
previously deduced for the effect of tubulin—drug complexes
(Vandecandelaere et al., 1994), the binding to the microtubule
end of a factor which decreases the subsequent affinity for
tubulin dimer can have the effect of suppressing dynamic
length changes in a sensitive manner.
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