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Summary

We used video assays to study the dynamic instability
behavior of individual microtubules assembled in vitro
with purified tau, purified MAP2 or a preparation of
unfractionated heat-stable MAPs. Axoneme-nucleated
microtubules were assembled from pure tubulin at con-
centrations between 4 and 9 uM in the presence of
MAPs, and observed by video-differential interference
contrast microscopy. Microtubules co-assembled with
each MAP preparation exhibited the elongation and
rapid shortening phases and the abrupt transitions (cat-
astrophe and rescue) characteristic of dynamic instabil-
ity. Each MAP preparation increased the microtubule
elongation rate above that for purified tubulin alone by
decreasing the tubulin subunit dissociation rate during
elongation. The brain MAPs used in this study reduced
the rate of microtubule rapid shortening, but allowed
significant loss of polymer during the shortening phase.

Purified tau and MAP2 decreased the frequency of cat-
astrophe and increased the frequency of rescue, while
the heat-stable M APs suppressed catastrophe at all but
the lowest tubulin concentrations. Thus, each of these
MAPs modulates, but does not abolish, dynamic insta-
bility behavior of microtubules. We propose a model to
explain how MAP2 and tau bind to the microtubule lat-
tice at sites along protofilaments so that the MAPs pro-
mote polymerization, but do not significantly block the
mechanism of rapid shortening inherent in the tubulin
lattice. Rapid shortening, when it occurs, proceeds pri-
marily by the dissociation of short fragments of protofil-
aments, which contain the bound MAPs.

Key words: microtubules, microtubule-associated proteins,
dynamic instability, video microscopy.

Introduction

Microtubule-associated proteins (MAPS) are a diverse col-
lection of proteins that bind to microtubules. The collection
of MAPs includes proteins that act as molecular motors
(Valee and Shpetner, 1990) and proteins that stimulate
microtubule assembly (Vallee and Bloom, 1984; Olmsted,
1986), but the functional properties of most MAPSs remain
unknown. The abundant mammalian brain MAPs desig-
nated MAPL (three proteins of about 350 kDa), MAP2 (199
kDa) and tau (55-62 kDa) were identified as the most
prominent proteins that co-purify with tubulin through
cycles of microtubule assembly and disassembly (Sloboda
et a., 1976; Cleveland et d., 1977; Murphy et da., 1977;
Valee and Davis, 1983). The effects of these MAPs on
microtubule assembly were originally studied by measur-
ing the light-scattering generated by microtubule assembly

in solution. In these studies, unfractionated brain MAPs
stimulated the nucleation of microtubule assembly,
increased the rate of microtubule elongation (Sloboda et al.,
1976; Murphy et al., 1977), and decreased the rate of micro-
tubule disassembly upon dilution (Job et al., 1985). These
studies established the genera effects of brain MAPs on
populations of microtubules. However, the effects of indi-
vidual, purified MAPs on microtubule assembly have not
been well studied, particularly at the level of individual
microtubule dynamic instability (Mitchison and Kirschner,
1984a).

Dynamic instability is the basic mechanism of micro-
tubule assembly for purified tubulin in vitro (Mitchison and
Kirschner, 1984a,b; Horio and Hotani, 1986; Walker et al.,
1988; Simon and Salmon, 1992) and for the mgjority of
microtubules of the interphase cytoplasmic microtubule
complex and the mitotic spindle of dividing cells (Saxton
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et a. 1984; Soltys and Borisy, 1985; Schulze and
Kirschner, 1986; Cassimeris et al., 1987; Cassimeris et al.,
1988; Sammak and Borisy, 1988; Schulze and Kirschner,
1988). Microtubules undergoing dynamic instability exist
in two interconverting phases. the majority of microtubules
are in a phase of relatively slow, steady elongation, while
a smaler fraction of microtubules is in a phase of rapid
shortening. Conversions between these phases are abrupt
and stochastic, infrequent in comparison to the rates of sub-
unit association and dissociation at microtubule ends, and
depend on the free tubulin subunit concentration. On the
basis of real-time video microscopic observations of indi-
vidual microtubules assembled from purified tubulin,
Walker et al. (1988) used the following terms to describe
the phases and transitions of dynamic instability. The
phases are termed elongation (net addition of subunits) and
rapid shortening (net loss of subunits). The transitions
between these phases are catastrophe - the transition from
elongation to rapid shortening, and rescue - the transition
from rapid shortening to elongation before complete disas-
sembly has occurred. A third transition is nucleation - the
initiation of microtubule assembly, which was observed
using axonemes as nucleation centers. An accurate charac-
terization of microtubule assembly requires determination
of the rates of elongation and shortening and frequencies
of transitions for microtubule dynamic instability.

The parameters of dynamic instability determined for
microtubules assembled from purified tubulin probably do
not represent microtubule dynamics in the cell, where
microtubules interact with a number of different MAPs.
Neuronal microtubules, which are the source for brain MAP
preparations, appear to be much more stable than micro-
tubules of mitotically active cells (Bamburg et al., 1986;
Okabe and Hirokawa, 1988; Seitz-Tutter et a., 1988). This
stability is not a property of brain tubulin itself, as micro-
tubules assembled from purified brain tubulin are highly
dynamic in vitro (Mitchison and Kirschner, 19844a). In con-
trast, microtubules assembled from purified brain tubulin in
the presence of unfractionated brain MAPs exhibit little or
no dynamic instability (Horio and Hotani, 1986; Farrell et
a., 1987; Hotani and Horio, 1988). Length distributions of
microtubules assembled in the presence of MAP2 or tau
suggest that these microtubules undergo few rapid shorten-
ing events (Bre and Karsenti, 1990). However, the bulk
solution assays of microtubule dynamics used in these
studies cannot reveal MAP effects on the precise parame-
ters of dynamic instability.

To understand how specific MAPs influence microtubule
assembly, it is essentia to investigate the effects of indi-
vidual MAPs on the dynamic instability behavior of indi-
vidual microtubule ends. We have used video contrast-
enhanced differential interference contrast (DIC)
microscopy and digital image processing (Salmon €t d.,
1989) to observe the assembly dynamics of individual ends
of microtubules assembled from purified tubulin in the pres-
ence of brain MAPs. We began by using an unfractionated
preparation of heat-stable brain MAPs (hs MAPs). This
preparation, produced by boiling three-cycled microtubule
protein, contains primarily MAP2 and tau, but a number of
minor proteins are also present. To study the effects of indi-
vidual MAPs, MAP2 and tau were purified by further frac-

tionation of the hs MAP preparation. Our results show that
the hs MAPs promote assembly and suppress catastrophe,
resulting in stable microtubules, as shown previously for
other preparations of unfractionated MAPs (Sloboda et al.,
1976; Murphy et a., 1977; Job et d., 1985). Purified MAP2
and purified tau, added to tubulin in amounts previously
determined to saturate microtubule binding sites (Cleveland
et a., 1977; Kim et a., 1979), aso promoted microtubule
assembly. These MAPs enhanced nucleation, increased
elongation velocity, suppressed catastrophe, and promoted
rescue. At the tubulin concentrations used in this study (4-
9 M), frequent catastrophes and extensive rapid shorten-
ing occurred in the presence of MAP2 or tau, but not the
hs MAPs. From these observations, we propose a model to
explain how MAPs could bind to the microtubule lattice,
promote microtubule assembly, and still permit dynamic
instability behavior.

Materials and methods

Purification of tubulin

Porcine brain tubulin was purified to homogeneity by cycles of
assembly and disassembly, followed by phosphocellulose chro-
matography and an additional cycle of assembly in the presence
of 1 M Na" glutamate, as described previously (Walker et al.,
1988). Purified tubulin was suspended in PM buffer (100 mM
Pipes, pH 6.9, 2 MM EGTA, 1 mM MgSO4, 1 mM GTP), frozen
in liquid nitrogen, and stored at - 80°C. The protein concentration,
purity and fraction of active tubulin were determined as described
(Walker et a., 1988).

We used two different preparations of purified tubulin in this
study. Tubulin concentrations used in the video assays were
adjusted to reflect the proportion of active tubulin in each prepa-
ration. Both tubulin preparations exhibited the same rate of
elongation at a given active tubulin concentration. Tubulin prepa-
ration 1 was used in the hs MAP and tau studies, while MAP2
effects were studied with tubulin preparation 2. Both tubulin
preparations used in the present study were also used to generate
kinetic data on the dynamic instability of MAP-free microtubules
in our previous paper (Walker et a., 1988). These data are pre-
sented again in Figs 2, 3, 4 and 5, and Table 1 of this paper.

Purification of MAPs

Three different preparations of MAPs were purified from twice-
cycled porcine brain microtubule protein (Sloboda et al., 1976).
Heat-stable MAPs were prepared by the method of Kim et al.
(1979), concentrated by ammonium sulfate precipitation, resus-
pended in PM buffer and dialyzed against PM buffer containing
0.1 mM PMSF. Tau was purified by two steps of ion-exchange
chromatography. First, brain MAPs were separated from tubulin
on a phosphocellulose column (Voter and Erickson, 1982) and
stored at - 80°C until further purification. These MAPs were later
thawed, desalted over Sephadex G-25M (Pharmacia, Piscataway,
NJ) and concentrated using a Centricon-30 filtration device
(Amicon, Danvers, MA). MAPs were then loaded on a 12 ml, 1
cm diameter column of DEAE-Sephacel (Pharmacia) and eluted
with PM buffer containing 0.1 mM PM SF. Under these conditions,
tau appears in the flow-through fraction (Murphy et al., 1977).
Tau-containing fractions were concentrated in a Centricon-30
device. MAP2 was isolated by boiling (Kim et al., 1979), followed
by further purification on a0.5cm ™~ 37 cm Bio-Gel A-15m (Bio-
Rad Laboratories, Richmond, CA) gel filtration column (Voter and
Erickson, 1982). All MAPs were stored frozen at - 80°C until use.

A light-scattering assay was used to test MAP preparations for



the ability to stimulate microtubule assembly. MAPs (0.25 mg/ml)
were combined with 20 mM (active concentration) purified tubu-
lin. Microtubules did not self-assemble from MAP-free tubulin at
this concentration. Light-scattering was monitored at 350 nmin a
LKB Ultrospec 4050 spectrophotometer as the preparation was
warmed to 37°C. Each of the MAP preparations stimulated assem-
bly of microtubules sufficient to generate 0.10 to 0.15 unit of
absorbance at 350 nm (data not shown).

Saturation of MAP-binding sites on microtubules

MAPs were added to tubulin in amounts more than sufficient to
saturate microtubule MAP-binding sites. MAP:tubulin ratios were
calculated as follows. First, for purified MAPs, we used published
values for MAP saturation of microtubules to determine
MAP:tubulin ratios. MAP2 has been estimated to bind to tubulin
at a molar ratio of one MAP2 molecule per nine tubulin dimers
(Kim et al., 1979). We used MAP2 at a molar ratio of one MAP2
per eight tubulin dimers, assuming a molecular mass of 290 kDa.
However, the nucleotide sequence of MAP2 (Lewis et al., 1988)
predicts a protein of 199 kDa, so that the ratio we used was closer
to 1 MAP2 per 6 tubulin dimers. We confirmed that this ratio was
sufficient for saturation by determining the amount of MAP2
bound to microtubules at several different MAP concentrations
(methods adapted from Kim et a. (1979) and Hirokawa et al.
(1988); data not shown). For tau, estimates of microtubule bind-
ing ratios range from one tau per ten tubulin dimers Cleveland et
a. (1977) to onetau per five tubulin dimers Hirokawa et a . (1988).
In our studies, tau was combined with tubulin at an approximate
molar ratio of one tau per two tubulin dimers, assuming a mole-
cular mass of 55 kDa for tau. The hs MAP fraction was added at
a concentration 75% that of tubulin (on a w/w basis). For exam-
ple, for 5 mM tubulin (0.5 mg/ml), hs MAPs were added to afinal
concentration of 0.375 mg/ml. MAP concentrations were scaled
relative to tubulin concentration for each data point.

The amount of MAPs in our video assays is likely to be con-
siderably above that needed for saturation, since the above
MAP:tubulin molar ratios were calculated assuming that al the
soluble tubulin assembled into polymer. However, in our video
assays, assembly was limited by the small number of nucleation
sites (axonemes), and a very small portion of the total tubulin was
incorporated into microtubules. We estimate that about one per
cent of the total tubulin was assembled into polymer. Thus, MAPs
were present in great excess in comparison to the amount of tubu-
lin assembled into microtubules.

Finally, MAPs in excess of the amounts determined above were
added to compensate for non-specific MAP adhesion to the glass
dlide and coverdip. As described below, we determined that as
much as 50% of the total MAP could be bound non-specifically
to the coverdip at the MAP concentrations we used. To retain the
appropriate MAP:tubulin ratios, we calculated how much MAP
was expected to bind to the coverslip at each MAP concentration,
and then added that amount to the final preparation. Thus, the final
amount of free MAP was till in great excess of the estimated
molar ratios required for saturation of microtubule MAP-binding
sites (Kim et a. 1979; Cleveland et a., 1977; Hirokawa et al.,
1988). After correcting for adsorption to glass surfaces, final free
MAP2 concentrations were 0.75-1.2 nM, and tau concentrations
ranged from 3 to 4.5 nM.

Experimental procedure

Sandard video assays
Purified fragments of sea urchin flagellar axonemes (Bell et a.,
1982; Walker et al., 1988) provided the nucleation sites for micro-
tubule assembly. Axonemes (final concentration of 2.7 ~ 107
axonemes/ml) were mixed with purified tubulin, MAPs and PM
buffer and held on ice until use (not more than one hour).
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Five m of the MAP-tubulin-axoneme mixture was placed
between a slide and biologicaly cleaned (Lutz and Inoue, 1986)
coverdip (22 mm?, thickness #0) and sealed with valap (vase-
linellanolin:paraffin, 1:1:1, by wt). Microtubule assembly in the
slide-coverdlip preparation was initiated by heating the microscope
stage to 37°C with a Sage model 279 air curtain incubator (Orion
Research Inc., Cambridge, MA).

Perfusion chamber video assay

Dilution experiments were carried out using a low-volume flow
cell designed for rapid exchange of solutions through the flow cell
chamber (Berg and Block, 1984). The flow cell was assembled
and used essentially as described previously (Walker et al., 1991).
The microtubule assembly mixture was prepared by mixing tubu-
lin and axonemes (at 2.7 ~ 107 axonemes/ml) with PM buffer,
bringing the fina tubulin concentration to 8 nM. When MAP2
was added to the assembly mixture, MAP2:tubulin ratios were the
same as used in the standard video assays described above. The
axoneme fragments provided the only nucleation sites for micro-
tubule assembly, again limiting the amount of polymer assembled
to 1% of the total tubulin subunit concentration. Self-assembly of
microtubules was not observed under these conditions. The micro-
tubule assembly mixture was placed into a partially assembled
flow cell containing only the bottom coverslip, and sealed by the
addition of the upper coverdlip. The assembled flow cell was then
placed on the microscope stage warmed to 37°C, where the ele-
vated temperature initiated microtubule assembly in the flow cell.

After 10 minutes of initial microtubule assembly, dilution of
the tubulin subunit concentration was achieved by perfusing the
flow cell for six seconds at a flow rate of 0.014 ml/s. Dilution
solutions, warmed to 37°C prior to perfusion, consisted of either
PM buffer alone or PM buffer containing MAP2 at the same sat-
urating concentrations used for assembly. We perfused the flow
cell with dilution solution for atotal of six seconds to ensure com-
plete buffer exchange throughout the 50 m volume of the cham-
ber. Careful calibration of solution exchange at the surface of the
coverdip established that six seconds of perfusion should be suf-
ficient to dilute the free tubulin subunit concentration to about
15% of the initial concentration (Walker et al., 1991).

MAP adsorption to slide and coverdlip surfaces

We previously established that tubulin does not significantly
adhere to the glass surfaces of our dide-coverslip preparation
(Walker et al., 1988). However, MAP adsorption to the glass sur-
faces could decrease the amount of active MAPs available to inter-
act with microtubules. We used fluorescence recovery after pho-
tobleaching (FRAP) to study MAP adsorption to coverdips.
Heat-stable MAPs were |abeled with 6-iodoacetamido fluorescein
according to the procedure of Scherson et a. (1984). Labeled
MAPs were diluted in PM to 0.25, 0.50, 0.75, 1.0 and 1.25 mg/ml
and placed in our usual slide-coverdip preparation. The percent-
age of labeled MAPs remaining in solution was determined by
FRAP analysis of the fluorescent label (in solution and on both
glass surfaces) at 10, 20 and 30 minutes after construction of the
slide-coverdlip preparation. The FRAP methods used were those
described by Wadsworth and Salmon (1986).

We found that MAPs adhere rapidly to glass surfaces, and that
this binding saturates quickly. From the first time point at 10 min-
utes after slide-coverdlip construction to 40 minutes after slide-
coverslip construction, the amount of mobile fluorescently labeled
MAPs did not change. However, the amount of labeled MAPs in
solution increased with increasing MAP concentration. At 0.25
mg/ml MAP, only 25% of the fluorescent label was mobile. As
the MAP concentration was raised to 0.5 mg/ml, 60% of the label
was mobile. Above 0.75 mg/ml, 75-80% of the fluorescently
labeled MAPs were mobile.
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Video microscopy and data analysis
The microscopic methods used to visualize individual micro-
tubules have been described previously (Pryer et al., 1986; Walker
et al., 1988; Samon et a., 1989).

Rates of elongation and rapid shortening and the duration of
phases were measured as described (Walker et al., 1988). Changes
in microtubule length were plotted as a function of time, and aver-
age rates of elongation and rapid shortening were determined by
least squares regression analysis. Mean rates of elongation and
rapid shortening for individual microtubules were determined by
least squares regression analysis and then pooled for microtubules
of each polarity, at each tubulin concentration, and averaged. Each
data point in Figs 3, 4 and 5, and Table 1, represents a minimum
of nine microtubules observed for a minimum of 10 minutes each.
The average number of microtubules per point was 22, with a
range of 9 to 59 individual microtubules tracked per point. An
individual microtubule was designated plus or minus, based on
the rate of elongation. We previously verified that the fast-grow-
ing microtubule end corresponds to the structura plus end in our
assay system (Walker et al., 1988).

Frequencies of transition were calculated as described previ-
ously (Walker et al., 1988). For example, catastrophe frequency
(ke) was determined by summing the total time spent in elongation
for all microtubules of one polarity at a single tubulin concentra-
tion and summing the total number of catastrophes that occurred
during that time. Division of the total number of catastrophes by
the total time in elongation yields k;, expressed as catastrophes
per second. The frequency of rescue (kr) was calculated in the
same way, using the time spent in rapid shortening and total
number of rescues in that time.

Results

MAP-containing microtubules exhibit dynamic instability
at both ends

The observations reported in this paper used video assay
methods that we developed previously (Pryer et al., 1986;
Walker et a., 1988; Samon et al., 1989) to visualize indi-
vidual microtubules and characterize the parameters of
spontaneous dynamic instability for microtubules assem-
bled from purified tubulin in the presence of MAPs. Micro-
tubules were assembled from purified tubulin in the pres-
ence of each of three different MAP preparations: purified
MAP2 (0.75-1.2 nmM), purified tau (3-4.5 nM), and hs
MAPs (0.3-0.52 mg/ml), which are a mixture of MAP2, tau
and other brain proteins resistant to heat denaturation. Over
a range of tubulin concentrations, the MAP:tubulin ratio
was held constant, using amounts of purified MAPs above
those previoudy determined to saturate binding to the
microtubule lattice (Cleveland et al., 1977; Kim et 4.,
1979). For the following reasons, our observations were
limited to a range of tubulin concentrations between 4 and
9 mM. In general, MAPs promote microtubule assembly at
lower tubulin concentrations than occurs for MAP-free
tubulin (see Fig. 3). In the presence of MAPSs, nucleation
occurs at tubulin concentrations above 4 nM. This thresh-
old contrasts with that for pure tubulin, which does not
undergo frequent nucleation below about 7 mM (Walker et
al., 1988). For MAP-containing microtubules, accurate tran-
sition frequency data could not be obtained at tubulin con-
centrations above 9 nM because most microtubule ends
elongated beyond the microscope’s field of view without

undergoing catastrophe. Therefore, our anaysis of the
dynamic instability of MAP-containing microtubulesis lim:
ited by nucleation to 4 "M as the lowest tubulin concen-
tration and by catastrophe to 9 nM as the highest tubulin
concentration observable.

Both the plus and minus ends of microtubules assembled
in the presence of hs MAP, MAP2 or tau exhibited char-
acteristic features of dynamic instability (Figs 1 and 2) at
the tubulin concentrations used in this study. Fig. 1 shows
an example of microtubule dynamic instability in the pres-
ence of purified tau. All microtubules grew at constant rates
during the elongation phase. Transitions from the
elongation phase to rapid shortening (catastrophe) were
abrupt and stochastic (Fig. 1; 10 s). A rapidly shortening
microtubule either shortened until it disappeared, or was
rescued after avariable length of time (Fig. 1; 40 s). Rescue,
the transition from rapid shortening to elongation, was also
abrupt and appeared to be stochastic. After rescue, a micro-
tubule resumed the elongation phase (Fig. 1; 50 s to 1:50)
for alength of time unrelated to the length of the previous
phase, and elongated until the next catastrophe.

Representative examples of the dynamic histories of
individual plus and minus ends of microtubulesin the pres-
ence of saturating amounts of MAP2 and tau are shown in
Fig. 2. Dynamic histories of microtubules assembled from
purified tubulin at the same tubulin concentrations are plot-
ted for comparison (Walker et al., 1988). Microtubules
assembled with hs MAPs exhibited similar dynamic insta-
bility behavior, but only at very low tubulin concentrations,
as discussed below. The duration of the shortening phase
of the microtubule assembled with tau in Fig. 2aislonger
than the average for tau-containing microtubules at this
tubulin concentration, and was chosen to illustrate the
extensive shortening possible for microtubules when
MAPs are bound to the microtubule lattice. When com-
pared to microtubules assembled from purified tubulin,
microtubules assembled in the presence of each MAP
preparation used in this study elongated at faster rates,
shortened at only slightly slower rates, and exhibited fewer
catastrophes and more rescues.

MAPs increase the rate of microtubule elongation by
decreasing tubulin dissociation during elongation

Average rates of elongation plotted as a function of active
tubulin concentration in the presence of each MAP prepa
ration are shown in Fig. 3. Data for MAP-free microtubules
(using the same tubulin preparations; Walker et a., 1988)
are also given for comparison. All three MAP preparations
increased the average rate of elongation for both the plus
and minus ends. Both hs MAPs and the purified brain MAPs
had little or no effect on the apparent association rate con-
stants for the plus and minus ends (as determined from the
slope of a line drawn through the MAP-microtubule data
points). However, all the MAP preparations decreased the
apparent tubulin dissociation rate constant during
elongation (x-intercept of the line drawn through the MAP-
microtubule data points). This lowered the critical concen-
tration for elongation (S the concentration needed for net
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Fig. 1. A series of micrographs taken from a real-time video recording of microtubules undergoing dynamic instability. Microtubules
assembled from 9 mM tubulin in the presence of 4.5 mM tau were nucleated by axoneme fragments and elongated from both ends of the
axoneme. One plus end microtubule (marked with an arrow) underwent a catastrophe between 0 and 10 s and began rapid shortening. At
40 s, the shortening microtubule was rescued, and resumed elongation. The extent of the rapid shortening phase shown for this
microtubule is longer than average for tau-containing microtubules at this tubulin concentration. This dynamic behavior is also presented
asalifehistory plot in Fig. 2a. Timeis shown in minutes and seconds. Bar, 5 nm.

elongation) from about 5 mM for pure tubulin to about 1
nM or less in the presence of MAPs.

MAPs decrease the catastrophe frequency

Catastrophes of MAP-containing microtubules were sto-
chastic and not preceded by a change in the elongation rate.
All of the MAP preparations decreased the frequency of
catastrophe of both plus and minus end microtubules below
the values expected for MAP-free microtubules at any given
concentration of tubulin, as shown in Fig. 4a. Fig. 4a aso
includes catastrophe frequencies of microtubules composed
of purified tubulin from studies of spontaneous catastrophe
(Walker et a., 1988) and dilution studies of catastrophe fre-
quencies at lower tubulin concentrations (Walker et a.,
1991). Heat-stable MAPs (triangles, Fig. 4a) dramatically
decreased the catastrophe frequency, and above 6 nM tubu-
lin catastrophes were not detected for either plus or minus
ends during observation periods as long as 112 minutes (for
6 MM tubulin, plus end). Below 5 mM tubulin, in the pres-
ence of hs MAPs, catastrophe frequencies were greatly
decreased in comparison with the expected frequencies for
pure tubulin. In contrast to the hs MAPs, catastrophes were
observed at higher tubulin concentrations (7-9 M) in the
presence of purified tau and MAP2, but still occurred less
often than for MAP-free microtubules. The frequency of
catastrophe for MAP-free microtubules has been shown to
decrease with increasing tubulin concentration (Walker et

al., 1988; O'Brien et a., 1990; Walker et a., 1991). Cata
strophe in the presence of MAPs was less frequent at higher
tubulin concentration, but the exact relationship could not
be established within the limited range of tubulin concen-
trations studied.

MAPs decrease the rate, but do not block, rapid shortening

Although the MAP fractions we assayed decreased the cat-
astrophe frequency, they only decreased the average rates
of rapid shortening by about 50% from the rates observed
for microtubules assembled in the absence of MAPs (Table
1). Average rates of rapid shortening for microtubules
assembled from purified tubulin are independent of tubulin
concentration over a range of 0 to 25 nM (Walker et a.,
1988; Walker et al., 1989). We aso found that rapid short-
ening rates in the presence of MAPs were not dependent
on tubulin concentration, and the data in Table 1 are pre-
sented as average rates for all tubulin concentrations and
each MAP preparation. Following spontaneous catastrophe,
microtubules shortened at constant velocity until rescue
occurred or the microtubule completely depolymerized.
Averaged over the total population of microtubules, the
measured rates of shortening in the presence of MAPs are
slower than for pure tubulin alone. However, the velocity
of shortening at either end varied substantially between dif-
ferent microtubules under the same conditions, as seen by
the high values for standard deviationin Table 1. Asaresult
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of this high variation between microtubules, the rapid short-
ening rates of microtubules in the presence of MAP2 or tau
were not significantly different from those of MAP-free
microtubules (P<0.001; independent t-test of plus or minus
polarity MAP-free microtubules versus plus or minus polar-
ity microtubules assembled with tau or MAP2).

One concern about the rates of spontaneous rapid short-
ening in the presence of MAPs was that the relatively fast
shortening rates might be due to heterogeneous MAP dis-

tribution along microtubules. Rapid shortening might be
explained by shortening in regions at the tip of the micro-
tubule depleted of MAPs, and rescue might occur when
rapid shortening reached a MAP-rich region of the micro-
tubule. To address this possibility, we used a perfusion
chamber to initially assemble microtubules in the presence
of MAPs. The chamber was then perfused with a solution
containing MAP2, but not tubulin, to promote catastrophe
while maintaining constant MAP2 concentration (Walker et
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a., 1991). The MAP2 perfusion buffer maintained MAP2
at the same concentration (1 M) used to promote tubulin
assembly, but the free tubulin concentration was diluted
rapidly to below 3 mM. Upon dilution, microtubules con-
verted to the rapid shortening phase within several seconds
following dilution, and shortened completely back to the
nucleation site (Pryer, 1989), as occurred following dilu-
tion of microtubules assembled from pure tubulin and
diluted by perfusion with buffer alone (Walker et al., 1991).
For either plus or minus ends, the average shortening rates
following dilution were typical of the rates measured for
spontaneous shortening in the presence and absence of
MAP2 (Table 1), as expected if MAPs were bound uni-
formly aong the length of a microtubule. Following dilu-
tion-induced catastrophe, about 15% of microtubules
observed paused during shortening for an average of 1.1
seconds.

MAPs increase the frequency of rescue, but extensive

shortening prior to rescue can occur with MAP2 or tau

In addition to decreasing the frequency with which micro-
tubules convert to the rapid shortening phase, each MAP
preparation generally decreased the average time spent in
the shortening phase by increasing the frequency of rescue
(Fig. 5). The hs MAPs and MAP2 increased the frequency
of rescue for both plus and minus microtubule ends, while
rescue frequencies for tau-containing microtubules were
generaly lower than for the other MAPs. We have previ-
ously shown that the frequency of rescue at the minus end
was steeply concentration-dependent for MAP-free micro-
tubules (Walker et al., 1988). In the present study, neither
MAP2- nor tau-containing microtubules appeared to exhibit
this concentration dependence at the low tubulin concen-
trations used. This may be due to the difficulty of deter-
mining concentration dependence over a limited range of
tubulin concentrations. As for microtubules assembled from
purified tubulin, the frequency of rescue at the minus end
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Table 1. Rates of shortening for MAP-free and MAP-
containing microtubules

Plus ends

Minus ends

(mMm/min £ s.d.) (n) (m/mintsd) (n)

Purified tubulin* 269+ 108 (166) 34.0+16.7 (412)
Pure tubulin dilution 320+ 133 (18) 472+210 (12)
+ hs MAPsT 12.6+98 (5) 135+ 13.7 (13)
+ taut 149+6.5 (18) 229+178 (87)
+ MAP2t 228+ 15 (120) 229+ 158 (99)
+ MAP2 dilution8 131+ 9.6 (20) 26.3+156 (8)

*Measured over the range of 7.0-15.5 mM tubulin.

TFew rapid shortening events were observed, and only at 4 M and 5
M tubulin.

FMeasured over the range of 6-9 mM tubulin for tau and 5-8 M tubulin
for MAP2.

§Assembled MAP2-microtubules were perfused with PM buffer
containing 1 nM MAP2.

in the presence of MAPs was higher than for plus ends.
Rescue has not been observed for microtubules assembled
from pure tubulin at concentrations below the critical con-
centration for elongation (5 nM tubulin) (Walker et al.,
1988; Walker et al., 1989). For microtubules assembled
with MAPSs, rescues were observed at tubulin concentra-
tions as low as 3 M (Fig. 5). This result correlates with
the lower critical concentration for elongation in the pres-
ence of MAPs (Fig. 3).

Although the rescue frequency was higher for the MAP-
containing microtubules in this study than for microtubules
composed of pure tubulin, the durations of shortening
phases were dtill long enough to permit the loss of consid-
erable polymer length. We estimated the average amount
of polymer lost during each rapid shortening phase as prod-
uct of the inverse of the rescue frequency and the average
rate of rapid shortening. Since rescue frequency and rapid
shortening rates did not vary with tubulin concentration,
average polymer loss was determined by summing the data
for al tubulin concentrations for each MAP preparation.
These calculations indicated a greater 1oss of polymer from
the plus end, in accordance with the lower frequency of
rescue at the plus end (Fig. 6). For example, microtubules
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Fig. 6. Average microtubule polymer loss per rapid shortening
event, calculated as 1/kc - Vshortening, sSummed for all microtubules
of each MAP preparation and each polarity.

assembled with purified tau lost an average of 7.4 nm
(12,000 dimers) per rapid shortening event at the plus end,
and 3.2 mm (5250 dimers) per rapid shortening event at the
minus end, as reflected in the lower rescue frequencies for
tau-containing microtubules.

Discussion

We have shown that the mammalian brain heat-stable MAP
fraction, MAP2, and tau promote microtubule assembly by
promoting nucleation, blocking tubulin subunit dissociation
during the elongation phase, decreasing catastrophe fre-
guency, slowing tubulin dissociation during the shortening
phase and enhancing the rescue frequency. Purified MAP2
and tau, used in amounts previously determined to saturate
binding sites along the microtubule lattice, had quantita-
tively similar effects to those of the hs MAPs on el ongation
and shortening velocities at either plus or minus micro-
tubule ends. However, the hs MAPs produced much more
stable microtubules than either MAP2 or tau by inhibiting
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Fig. 7. Model of elongation and rapid

shortening shortening in the presence of MAPS, as
. discussed in text. Only three protofilaments are
Q&bﬁ@‘;&. . drawn. Tubulin dimers are represented as
@ Oligom, r dumbbell shapes;, MAPs are drawn aslarge L-
2 - shaped molecules.

catastrophe at al but the lowest tubulin concentrations (4-
5 M) assayed in our study. The stability of microtubules
in the presence of the hs MAP fraction resembles the sta-
bility reported previously for microtubules assembled with
unfractionated brain MAPs (Sloboda et al., 1976; Murphy
et a., 1977; Bergen and Borisy, 1980). We do not know
whether the suppression of catastrophe that we observed in
the presence of hs MAPs is produced by interactions
between MAP2 and tau in that fraction, or by another factor
in the hs MAP fraction. It would be interesting to frac-
tionate the hsMAPs in order to identify the stabilizing
activity present in this preparation. It is clear from our
Kinetic data that if the tubulin concentration is sufficiently
low, frequent catastrophe and extensive shortening can
occur for microtubules in the presence of either hs MAPS,
MAP2 or tau. Thus, none of these MAP fractions abolishes
the fundamental mechanism of dynamic instability inherent
in the tubulin lattice of the microtubule. The MAPs we stud-
ied only modulate the rate constants and transition fre-
guencies of dynamic instability.

The hs MAPs, tau and MAP2 all increased the net
elongation rate at both microtubule ends. MAPs did not
substantially decrease the dimer association rate above the
values for pure tubulin. Instead, al the MAPs we studied
stabilized the incorporation of newly bound tubulin dimers
into the microtubule lattice, increasing the net elongation
rate of the microtubule. Similar effects have been reported
for unfractionated brain MAPs, based upon spectrophoto-
metric measurements of initial rates of assembly of three-
cycled microtubule protein (Murphy et a., 1977). The
decrease in dimer dissociation rate during elongation pro-
duced by MAPs yields a lower critical concentration for
elongation, consistent with previously determined values
for critical concentration in the presence of MAPs, which
range from 0.5 mM to 3.5 mM (Cleveland et a., 1977; Kim
et a., 1979; Sloboda and Rosenbaum, 1979; Farrell et d.,
1987). The effect of MAPs on the dimer dissociation rate
during elongation may also provide an explanation for the
more frequent nucleation events observed at low tubulin
concentrations in comparison with assembly from purified
tubulin.

Microtubules in the presence of MAPs tended to persist

longer than those assembled from purified tubulin, mainly
because MAPs decreased catastrophe frequency and
increased rescue frequency. Despite the increase in poly-
mer stability, we found that rapid shortening can still be
extensive in the presence of both purified MAP2 or tau. For
example, the plus end of tau-containing microtubules lost
an average of 7 nm (about 12,000 dimers) in each rapid
shortening event. Although tau and MAP2 appear to share
common binding sites on the microtubule lattice (Sandoval
and Vandekerckhove, 1981; Littauer et al., 1986), the
rescue data (Fig. 5) show that MAP2 is more effective than
tau at promoting rescue.

How then can MAP2 or tau interact independently with
the microtubule lattice to increase the elongation rate and
decrease the frequency of catastrophe, and yet allow exten-
sive rapid shortening events to occur? One possibility is
that rapid shortening occurs in our experiments only over
regions of the microtubule having low concentrations of
MAPs (Job et al., 1985). This possibility is unlikely for sev-
eral reasons. In our studies, we used MAPs in amounts well
above those necessary to saturate all the binding sites along
all microtubules in our preparations. This should have pre-
vented a heterogeneous MAP distribution, since electron
microscopy studies of microtubules in vitro show that MAP
binding sites are distributed evenly along the length of the
microtubules (Murphy and Borisy, 1975; Sloboda et al.,
1976; Kim et a., 1979). Consistent with a homogeneous
distribution of MAPs along the length of the microtubule,
no fluctuations in the velocity of elongation were observed.
Microtubule elongation was constant at the ends of micro-
tubules until a catastrophe occurred. As adirect test for het-
erogeneous MAP stabilization, we measured the kinetics of
rapid shortening of MAP-containing microtubules upon
dilution of the tubulin subunit concentration in the presence
of MAP2 (Pryer, 1989). All microtubules rapidly shortened
at rates similar to those reported for spontaneous shorten-
ing.

A model to explain microtubule dynamics in the pres-
ence of MAP2 or tau is presented in Fig. 7. In this mode,
tau or MAP2 binds primarily to sites along protofilaments,
stabilizing the addition of single tubulin dimers to the
microtubule end during elongation. tau or MAP2 strength-
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ens the longitudinal bonds between tubulin dimers within
protofilaments, reducing the rate of tubulin dissociation
during elongation. In this model, saturating amounts of
MAP2 or tau alone have comparatively little effect on the
strength of lateral interactions between tubulin dimers in
adjacent protofilaments. Thus subunit dissociation during
the shortening phase still occurs at rates of similar magni-
tude to rapid shortening in the absence of MAPs. When cat-
astrophe occurs, shortening proceeds by the loss of
oligomers of MAP-bound tubulin subunits. Several studies
support the formation of transient oligomers generated from
protofilaments during disassembly of MAP-containing
microtubules (Mandelkow et al., 1988; Melki et al., 1988;
Simon and Salmon, 1990; Mandelkow et al., 1991). The
number of dimers congtituting an oligomer is not known,
nor is the exact size of the microtubule binding domain of
MAPs.

The molecular mechanisms of catastrophe and rescue in
MAP-containing microtubules must be a function of both
MAP binding characteristics and the underlying dynamic
behavior intrinsic to pure tubulin. The dynamic instability
behavior of microtubules assembled from purified tubulin
is thought to be regulated by a stable tubulin cap that is
constrained to the tip of elongating microtubules (O’ Brien
et al., 1987; Stewart et al., 1990; Walker et a., 1991). It is
not clear whether stabilization by this cap is due to the
chemical nature of the terminal subunits (i.e. GTP vs GDP),
the conformational nature of the subunits, or some combi-
nation of the two (for review, see Caplow, 1992). In our
model (Fig. 7), MAPs decrease catastrophe frequency by
inhibiting the dissociation of stable tubulin subunits from
the cap. In addition, MAPs may also suppress a conforma
tional change in the lattice that is needed for a microtubule
end to convert to the shortening phase (Walker et al., 1989;
Stewart et a., 1990). Perhaps the strong suppression of cat-
astrophe by the hs MAP fraction can be explained by a
stronger stabilization of lattice conformation by the hs
MAPsin comparison to purified tau or MAP2 alone. Rescue
is thought to be due to ‘recapping’ a shortening microtubule
by adding GTP-tubulin dimers sufficient to stabilize the
GDP core (Mitchison and Kirschner, 1984a; Walker et al.,
1988). In our model, the brain MAPs enhance rescue by
increasing the probability of successfully incorporating
GTP-tubulin subunits onto GDP-tubulin subunits at the
shortening microtubule end. Our rescue data indicate that
the hs MAPs were most effective at promoting rescue, while
tau was least effective.

Microtubules in differentiated (post-mitotic) neurons
appear to be more stable than cytoplasmic microtubules of
mitotically active cells. Consistent with a role in stabiliz-
ing extended axons (Daniels, 1972), and serving as stable
tracks for vesicular transport in the axon (Grafstein and
Forman, 1980), neuronal microtubules are relatively resis-
tant to depolymerization by colcemid (Bamburg et al.,
1986), incorporate tubulin subunits slowly (Okabe and
Hirokawa, 1988), and exhibit infrequent rapid shorting
events in vitro (Seitz-Tutter et al., 1988). This suppression
of dynamic instability is similar to that exhibited in the pres-
ence of hs MAPs in our study and unfractionated MAPs in
other studies (Horio and Hotani, 1986; Farrell et a., 1987;
Hotani and Horio, 1988). Neither MAP2 nor tau suppressed

dynamic instability to the extent that occurred for hs MAPs
in vitro or for microtubules in living axons. MAP2 and tau
are not expressed in non-neurona cells, but these MAPs
have been microinjected into living non-neuronal cells to
study their effects on more dynamic microtubules in these
tissue cells. Microinjected tau and MAP2 both promoted
microtubule assembly and stability, but to different extents.
tau appears to decrease substantially the rate at which
microtubules convert to the rapid shortening phase in
response to the microtubule-depolymerizing agent nocoda
zole (Drubin and Kirschner, 1986). However, microinjected
MAP2 did not appear to stabilize microtubules against
nocodazole-induced depolymerization (Olmsted et 4.,
1989). MAP2 and tau alone do not bundle microtubules in
vitro, but both have been observed to bundle microtubules
when expressed by DNA transfection in tissue culture cells
(Kanai et al., 1989; Lewis et al., 1989), suggesting that in
the cell, the MAPs associate with other cellular compo-
nents, enhancing microtubule stability by bundling (Tanaka
and Kirschner, 1991). Our results predict that neurons and
non-neuronal cells both contain factors that can bind to
MAP2 or tau and substantially enhance their stabilization
of microtubule dynamics.

The most striking difference between the assembly
dynamics of the brain MAP-containing microtubules seen
in our studies and the dynamic instability of microtubules
in interphase tissue cellsis in the frequency of catastrophe.
At cellular tubulin concentrations of 10-20 mM (Hiller and
Weber, 1978), microtubules elongate at 5-15 nm/min
(Schulze and Kirschner, 1986; Cassimeris et al., 1988;
Sammak and Borisy, 1988; Belmont et al., 1990; Simon
and Salmon, 1990; Glicksman et al., 1992). These veloci-
ties are similar to projected elongation rates in the presence
of brain MAPs, at equivalent tubulin concentrations (see
Fig. 3). However, in the presence of brain MAPs at these
tubulin concentrations, catastrophe would be rare (Fig. 4).
In contrast, for the majority of microtubule plus ends in
interphase non-neuronal cells, a catastrophe occurs on aver-
age once every 50 seconds of elongation (k. = 0.02 s1)
(Cassimeris et a., 1988; Belmont et al., 1990; Simon and
Salmon, 1990; Glicksman et al., 1992). This 100-fold or
more difference in catastrophe frequency at similar growth
velocity could be due to differences in solution conditions
in vitro (Simon and Salmon, 1992). It is more likely that
other factors such as post-tranglational modifications of
MAPs affect cellular microtubule dynamics. For example,
the phosphorylation state of MAP2 affects the affinity of
MAP2 for the microtubule lattice and the degree of stimu-
lation of microtubule assembly by MAP2 (Jameson and
Caplow, 1981; Murthy and Flavin, 1983; Burns et al., 1984;
Brugg and Matus, 1991). Cells might also contain addi-
tional factors that specifically promote catastrophe by inter-
acting with elongating microtubule ends (Simon and
Samon, 1990; Walker et a., 1991). Different types of
MAPs are found in different cell and tissue types, as well
as in different species (Vallee and Bloom, 1984; Olmsted,
1986), so that requirements for relatively stable or dynamic
microtubules might be conferred by MAPs specific to cer-
tain cells or tissues. More intensive studies of a variety of
non-neuronal MAPs are needed to discover the range of



effects that different types of MAPs exert on microtubule
dynamics.
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