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ABSTRACT: Tau is a neuronal microtubule-associated protein that plays an important role in stabilizing 
axonal microtubules and maintaining neuronal processes. To investigate the mechanisms by which tau 
performs these functions, we have determined the actions of full-length adult tau and tau peptides 
corresponding to two different microtubule-binding domains of tau (the first repeat, R1, VRSKIGSTEN- 
LKHQPGGG, and the first interrepeat, Rl-R2 IR, KVQIINKK) on the growing and shorteqing dynamics 
at the plus ends of individual microtubules at steady state. Tau suppressed steady-state microtubule 
dynamics at very low molar ratios of tau to tubulin. At the lowest ratios examined (tau:tubulin ratios of 
1:175 and 1:85), suppression of dynamics occurred in the absence of a detectable change in polymer 
mass. Tau reduced the mean rate and extent of shortening and, in contrast to previous work carried out 
under conditions of net polymer gain, tau also suppressed the mean rate and extent of growing. Tau also 
strongly increased the rescue frequency, it moderately suppressed the catastrophe frequency and it strongly 
increased the percentage of total time that the microtubules spent in an attenuated (pause) state, neither 
growing nor shortening detectably. In addition, both the R1 and Rl-R2 IR tau peptides suppressed steady- 
state microtubule dynamics in a sequence-specific manner and in a manner that was qualitatively 
indistinguishable from full-length tau. The data provide significant support for a mechanism in which 
the binding of tau to individual tubulin subunits in microtubules induces a conformational change that 
strengthens inter-tubulin bonding. 

Microtubules, 25 nm diameter tube-shaped polymers 
composed of the a/3 heterodimeric protein tubulin, play 
important roles in many cellular processes such as mitosis, 
the trafficking of intracellular vesicles, and the formation 
and function of axons and dendrites of neurons [reviewed 
in Dustin (1984); Diaz-Nido et al., 19901. Microtubules are 
intrinsically dynamic polymers, and there is considerable 
evidence that their dynamic properties, which are critically 
involved in many of their functions, are finely regulated 
[reviewed by McIntosh (1994); Wordeman & Mitchison, 
1994; Desai & Mitchison, 19951. In axons, for example, 
large numbers of microtubules are arranged into an elaborate 
and relatively stable network that functions as a cytoskeletal 
support for the axon and for the transport of materials 
between the neuronal cell body and the tip of the axon. In 
contrast, microtubules in the growth cone of developing 
axons are highly dynamic and appear to be important in 
promoting growth cone movement and in establishing 
interneuronal connections (Tanaka & Kirschner, 199 1 ; 
Tanaka et al., 1995). The stability of axonal microtubules 
is thought to be controlled in large part by the binding of 
microtubule-associated proteins (MAPS)’ along their surfaces 
(Horio & Hotani, 1986; Farrell et al., 1987; Pryer et al., 1992; 
Drechsel et al., 1992; Kowalski & Williams, 1993; Toso et 
al., 1993). 
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Microtubules exhibit at least two types of unusual non- 
equilibrium dynamics. Both in vitro and in cells, microtubule 
ends switch between growing and shortening states, a 
behavior termed “dynamic instability” (Mitchison & Kir- 
schner, 1984; Horio & Hotani, 1986; Walker et al., 1988), 
due to the gain and loss of a stabilizing cap at the microtubule 
ends thought to consist of tubulin-liganded GTP or GDPPi 
(Carlier, 1989; Erickson & O’Brien, 1992). Also in vitro 
and in cells at polymer mass steady state net growth of micro- 
tubules in a population can occur at one microtubule end 
and net shortening can occur at the opposite end, a behavior 
termed “treadmilling” or ”flux” (Margolis & Wilson, 1978; 
Hotani & Horio, 1987; Farrell et al., 1987; Mitchison, 1989; 
Sawin & Mitchison, 1991). Both dynamic behaviors are 
strongly modulated by MAPs in vitro (Horio & Hotani, 1986; 
Farrell et al., 1987; Pryer et al., 1992; Drechsel et al., 1992; 
Kowalski & Williams, 1993; Toso et al., 1993; Yamauchi 
et al., 1993), suggesting that MAPs may influence micro- 
tubule dynamics in a similar fashion in living cells. 

One prominent MAP that appears to be important in 
modulating microtubule dynamics in axons is tau. Tau is a 
family of developmentally regulated phosphoproteins ex- 
pressed primarily in neurons and localized to axons [for 
reviews see Diaz-Nido et al. (1990), Wiche et al. (1991), 
and Goedert et al. (1994)l. Tau was first identified by its 

I Abbreviations: EGTA, ethylenebis(oxyethylenenitri1o)tetraacetic 
acid; GDP, guanosine 5’-diphosphate; GTP, guanosine 5’-triphosphate; 
Mes, 2-morpholinoethanesulfonic acid; Pipes, 1,4-~iperazinediethane- 
sulfonic acid; IR, interrepeat; MAPs, microtubule-associated proteins; 
PME buffer, 50 mM Pipes, 1 mM EGTA, and 1 mM MgC12, pH 6.8; 
PMME buffer, 87 mM Pipes, 36 mM Mes, 1.4 mM MgC12, and 1 mM 
EDTA, pH 6.8. 
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ability to copolymerize with tubulin and promote microtubule 
nucleation and elongation (Weingarten et aI., 1975; Cleveland 
et al., 1977a). In neurons, tau colocalizes with axonal 
microtubules (Binder et al., 1985; Drubin et al., 1986; Kosik 
& Finch, 1987), it promotes microtubule formation (Drubin 
& Kirschner, 1986), and it stabilizes microtubules when 
microinjected in non-neuronal cells (Drubin et al., 1986). 
Expression of tau has been shown to coincide with the 
extension of neurites during cell differentiation (Binder et 
al., 1985; Drubin et al., 1985; Kosik & Finch, 1987), and 
antisense studies indicate that tau has a role in the develop- 
ment and maintenance of the axon-like process of PC-12 
cells (Esmaeli-Azad et al., 1994) and in the establishment 
of neuritic polarity in primary cerebellar neurons (Caceres 
& Kosik, 1990; Kosik & Caceres, 1991). Tau is also the 
primary component of one of the pathological hallmarks of 
Alzheimer's disease, the paired helical filaments [reviewed 
in Goedert et al. (1994); Goedert et al., 1989a; Grundke- 
Iqbal et al., 19861. In Alzheimer's disease, tau has lost its 
affinity for microtubules and is assembled into the paired 
helical filaments and neurofibrillary tangles, a process that 
may lead to neuronal degeneration. 

Tau isolated from adult brain is a mixture of six related 
isoforms having an apparent molecular mass of 40-58 kDa. 
The basis of the heterogeneity appears to be a combination 
of alternate mRNA splicing (Goedert et al., 1989a,b; Him- 
mler et al., 1989; Himmler, 1989; Kosik et al., 1989) and 
differential phosphorylation (Butler & Shelanski, 1986). Tau 
contains a highly basic C-terminal microtubule-binding 
domain and an N-terminal projection domain (Hirokawa et 
al., 1988; Lee et al., 1988, 1989; Goedert et al., 1989a,b; 
Himmler et al., 1989; Himmler, 1989). The microtubule- 
binding domain consists of either three or four tandemly 
repeated 18-amino acid residues, which are separated by 13- 
14-amino acid interrepeat (IR) regions. In addition, the 
proline-rich middle region of tau located amino terminal to 
the repeat region has been reported to contain significant 
microtubule binding activity (Butner & Kirschner, 1991 ; 
Brandt & Lee, 1993; Goode & Feinstein, 1994; Gustke et 
al., 1994). An in vitro-translated tau peptide consisting of 
the first tubulin-binding repeat is able to bind to microtubules 
in vitro, and an increase in the number of repeats increases 
the efficiency of microtubule binding (Butner & Kirschner, 
1991). In addition, a synthetic peptide consisting of the first 
18-amino acid tau repeat can stimulate the assembly of 
purified tubulin into microtubules (Ennulat et al., 1989; 
Maccioni et al., 1989). However, the molar concentration 
of peptide required to promote polymerization is very high 
compared to the concentration required for native tau, 
indicating that the repeat peptides are less potent than the 
full-length protein. Recently, Goode and Feinstein (1994) 
found that the IR region between repeat 1 (RI) and repeat 2 
(R2) can also bind to microtubules and that a synthetic 
peptide corresponding to just 10 amino acids of the Rl-R2 
interrepeat is sufficient to promote tubulin polymerization. 
From a developmental point of view, it is especially notable 
that the Rl-R2 IR domain is expressed solely in adult, but 
not fetal, isoforms of tau. 

Previous studies on the action of tau on microtubule 
polymerization in bulk solution or on the growing and 
shortening dynamics of individual microtubules have been 
carried out under conditions of net polymer gain. In these 
studies, tau has been found to stimulate microtubule nucle- 
ation, reduce the subunit critical concentration, increase the 
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rate of microtubule elongation, and decrease the transition 
frequency from growing to shortening (Weingarten et al., 
1975; Cleveland et al., 1977a; BrC & Karsenti, 1990; 
Drechsel et al., 1992; Pryer et al., 1992). Such conditions 
may exist in cells, for example, during neuronal process 
outgrowth when microtubule polymer mass is increasing 
rapidly (Drubin et al., 1985). However, once formed, 
neuronal processes become relatively stable and do not 
undergo dramatic length changes. In mature neurons, it is 
reasonable to suspect that the mass of microtubule polymer 
does not change appreciably and that microtubule functions 
that involve the dynamics of microtubules occur at or near 
polymer mass steady state. While axonal microtubules 
exhibit some dynamic behavior, they are relatively stable in 
general (Bamburg et al., 1986; Donoso, 1986; Okabe & 
Hirokawa, 1988, 1990) compared with mitotic spindle 
microtubules, many microtubules found in the interphase 
cytoskeleton, or microtubules in the growth cone of growing 
axons. The stability and structural integrity of axonal 
microtubules are likely to be important in their function as 
evidenced by pharmacological studies (Yamada et al., 197 1; 
Drubin et al., 1986; Diaz-Nido et al., 1990; Baas & Black, 
1990; Baas et al., 1994). Thus, in order to understand tau 
action in a mature neuron, it is important to investigate the 
effects of tau on microtubule dynamics at steady state. 

In this report, we have analyzed the actions of full-length 
adult tau at low molar ratios of tau to tubulin on polymer- 
ization dynamics at the plus ends of bovine brain microtu- 
bules at polymer mass steady state by differential interference 
contrast video microscopy. We used ratios of tau to tubulin 
that span the range found in undifferentiated and differenti- 
ated neuronal (PC-12) cells (Drubin et al., 1985). We also 
compared the effects on microtubule dynamics of full-length 
tau to the effects of synthetic peptides representing the first 
repeat (Rl) and the first interrepeat (Rl-R2 IR) domains. 
We found that very low molar ratios of tau to tubulin stabilize 
steady-state dynamics. In addition, both tau peptides stabilize 
microtubules in a manner similar to that of tau. Tau and 
the tau peptides reduce the rates and extents of growing and 
shortening and increase the percentage of time that the 
microtubules spend in an attenuated state, neither growing 
nor shortening detectably. The data support a mechanistic 
model in which binding of tau to tubulin in microtubules 
stabilizes microtubules in great part by inducing a confor- 
mational change in the tubulin that strengthens inter-tubulin 
bonding. 

MATERIALS AND METHODS 

Synthesis and Purijkation of Tau and Tau Peptides. 
Recombinant full-length adult rat tau protein was synthesized 
in Escherichia coli using the PET vector expression system 
(Novagen Inc., Madison, WI). Briefly, the coding sequence 
of the adult rat tau cDNA (Kosik et al., 1989) was subcloned 
into the NdeI site of the PET-3c vector and introduced into 
BL21 (DE3) cells. Tau protein expression was induced by 
the addition of 0.4 mM isopropyl P-D-thiogalactopyranoside 
to cells in log phase growth. Two hours after induction, 
cells were pelleted and resuspended in 50 mM Pipes (pH 
6.8), 1 mM EGTA, and 1 mM MgC12 (PME buffer) 
supplemented with 0.1 % P-mercaptoethanol and protease 
inhibitors (PMSF, leupeptin, and pepstatin). Lysozyme was 
added at 0.1 mg/mL, the cells were incubated at 0 "C for 15 
min and sonicated, and the lysates were cleared by centrifu- 
gation for 15 min at 4 "C, 18000g. Supernatants were boiled 
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for 5 min and centrifuged as described earlier to clear the 
cell lysate. Tau was then purified from the supernatant by 
phosphocellulose column chromatography (Whatman P11). 
NaCl from the salt wash of the column was removed by 
exhaustive dialysis against PME buffer supplemented with 
0.1% P-mercaptoethanol, and the purified tau protein was 
concentrated and stored at -70 "C. Tau concentration was 
determined from the optical density at 278 nm by using an 
extinction coefficient of 0.29 (Cleveland et al., 1977b). 

The octadecapeptide representing R1 (VRSKIGSTEN- 
LKHQPGGG), a scrambled form of R1, R 1 (S) (IHQPGKVT- 
GRSESNGIUG), an octapeptide representing R 1-R2 IR 
(KVQIINKK), and a scrambled and slightly modified form2 
of Rl-R2 IR, Rl-R2 IR(S) (IKDNVKQILK), were synthe- 
sized as described previously on a Millipore 9050-plus 
peptide synthesizer by DIPCDI/HOBT chemistry (Millipore 
Corp., Bedford, MA) (Goode & Feinstein, 1994). The 
peptides were purified to >99% punty by reverse-phase high- 
pressure liquid chromatography and lyophilized. Peptide 
sequences were confirmed by mass spectrometry (Goode & 
Feinstein, 1994). 

Purijication of Tubulin. Bovine brain microtubule protein 
was isolated without glycerol by three cycles of polymeri- 
zation and depolymerization followed by phosphocellulose 
chromatography as described in Toso et al. (1993). The 
tubulin solution was quickly frozen as drops in liquid 
nitrogen and stored at -70 "C until use. Protein concentra- 
tion was determined by the method of Bradford (1976) using 
bovine serum albumin as the standard. 

Determination of Steady-State Microtubule Polymer Mass 
in the Presence of Tau, R I ,  or RI-R2 IR. Tubulin pellets 
were thawed and centrifuged at 4 "C to remove any 
aggregated or denatured tubulin. Tubulin (13 pM) was 
mixed with Strongylocentrotus purpuratus flagellar seeds 
(Toso et al., 1993) in 87 mM Pipes, 36 mM Mes, 1.4 mM 
MgC12, and 1 mM EGTA (pH 6.8) (PMME buffer) contain- 
ing 1 mM GTP and incubated at 37 "C in the absence or 
presence of different amounts of tau, R1, or Rl-R2 IR for 
35 min to polymerize the microtubules. The microtubules 
were pelleted by centrifugation at 150000g for 1 h, and the 
microtubule pellets were solubilized in PMME buffer at 0 
"C. The protein concentration was determined (Bradford, 
1976), and the soluble tubulin concentration was calculated 
by subtracting the pellet concentration from the total tubulin 
concentration. 

Video Microscopy. Tubulin was mixed with axoneme 
seeds and polymerized in PMME buffer containing 1 mM 
GTP in the presence or absence of tau or tau peptides, as 
described earlier. The seed concentration was adjusted to 
achieve 3-6 seeds per microscope field. After assembly to 
steady state, as determined by light scattering at 350 nm (a 
maximum of 35 min), 2.5 pL of the microtubule suspension 

* Goode and Feinstein (1994) previously demonstrated that the 10- 
amino acid peptide representing the R1-R2 interrepeat region, KVQI- 
INKKLD, has the ability to promote microtubule polymerization and 
that a scrambled form of the same peptide, IKDNVKQILK, has no 
ability to promote microtubule polymerization. Further truncation 
analysis and mutagenesis showed that the microtubule-binding portion 
of the peptide resides in the 8-amino acid sequence KVQIINKK. 
Therefore, in the present work, we used the 8-amino acid peptide 
KVQIINKK to represent the Rl-R2 IR, and we considered the 10- 
amino acid scrambled peptide IKDNVKQILK as a reasonable negative 
control. Our observations that the KVQIINKK and KVQIINKKLD 
peptides both promote tubulin assembly and both suppress microtubule 
dynamics in our assays (unpublished data) suggest that the two added 
amino acids, LD, have little or no effect on activity. 
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was prepared for video microscopy, and the polymerization 
dynamics of individual microtubules was recorded at 37 "C 
as previously described (Panda et al., 1994). Under the 
conditions used, tubulin does not significantly adhere to the 
glass surfaces of the coverslips used for microscopy, but 
MAPS can adhere to glass coverslips (see Pryer et al., 1992), 
and it is possible that some of the tau or tau peptides may 
have adhered to the coverslips in the present work. Because 
tau strongly suppresses dynamics at the low concentrations 
used in this work, it seems unlikely that a significant quantity 
of tau adhered to the glass. The tau and tau peptide 
concentrations reported are the total added concentrations 
and, thus, represent the maximum quantity of tau available 
for binding to the microtubule surfaces. 

The microtubules, which grew predominantly at the plus 
ends of the seeds, were observed for a maximum of 45 min 
after they had reached steady state. We used a computer- 
based analysis system (a gift from Dr. E. D. Salmon, 
University of North Carolina, Chapel Hill) to follow micro- 
tubule length changes with time. Microtubule length changes 
were monitored in real time using a mouse-driven cursor, 
and data points were collected at 3-6 s intervals. Micro- 
tubules were measured until they underwent complete 
depolymerization to the axoneme seed or until the micro- 
tubule end became obscured. The length changes undergone 
by a particular microtubule as a function of time were used 
to create a life history plot, and the growing and shortening 
rates were determined by least-squares regression analysis 
of the data points for each growing or shortening phase. The 
reported mean growing and shortening rates represent the 
mean values for all growing and shortening events observed 
for a particular reaction condition. We considered the 
microtubule to be in a growing phase if the microtubule 
increased in length by >0.2 pm at a rate >O. 15 p d m i n  and 
in a shortening phase if the microtubule decreased in length 
by >0.2 p m  at a rate 70.3 p d m i n .  Length changes equal 
to or less than 0.2 p m  over the duration of six data points 
were considered attenuation phases. An average of 25-30 
microtubules was measured for each experimental condition. 

We calculated the catastrophe frequency (a catastrophe is 
defined as a transition from the growing or attenuated states 
to shortening) by dividing the number of catastrophes by 
the sum of the total time spent in the growing plus attenuation 
phases for all of the microtubules for a particular condition. 
The rescue frequency (rescue is the transition from shortening 
to growing or attenuation, but not new growth from a seed) 
was calculated by dividing the total number of rescue events 
by the total time spent in the shortening phase for all 
microtubules for a particular condition. Due to the stochastic 
nature of the transitions, the error in the transition frequency 
was estimated by dividing the frequency by the square root 
of the number of transitions (Walker et al., 1988). 

RESULTS 

In this work, we examined the effects on microtubule 
dynamics at steady state of full-length adult rat tau (contain- 
ing four tubulin-binding repeats), a peptide corresponding 
to the first binding repeat (Rl, VRSKIGSTENLKHQPGGG), 
and a peptide corresponding to the interrepeat located 
between repeats 1 and 2 (Rl-R2 IR, KVQIINKK). A 
schematic representation of full-length tau showing the 
locations of the R1 and Rl-R2 IR domains is shown in Figure 
1 (Lee et al., 1988; Goedert et al., 1989 a,b). 
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Adult Tau RI K2 K3 R4 
P I Table I :  Effects of Tau, R I .  and RI  -R2 IR on Polymer Mass 

R1 pepride VRSKIGSTENLKHQPGGG KI-N2 IRpepride KVQIINKK 

R1,S)pepride I HOPSKVTGRSESNGKLG Rl-R2fS)pepride lKDNVKOI L K  

FIGURE 1 : Schematic rcprcscntation o f  adult (four-repeat) tau. The 
four tandcm rcpcats, R I .  R2. R3. and R4.  arc markcti by bars; the 
R I -R2 intcrrcpcat is notcd by thc line bctwcen R I and R2. Amino 
acid sequcnccs of  the peptides used in this study arc siven: they 
correspond to spccific and scrambled ( S )  sequences of the repeat I 
domain ( R I )  and thc first intcrrcpcat domain ( R I - R 2  IR). 
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tubulin in concentration ti1~:t~bulin tubulin in 

(!(MI m h r  riltio polymer (!tM) solution (!tM) 

0 0 3.0 f 0.3 10.0 f 0.3 
0.075 1:175 3.1 f 0.5 9.9 f 0.5 
0.15 I :xs 3.5 f 0.4 9.5 f 0.4 
0.30 I :45 4.3 f 0.4 x.7 f 0.4 
0.60 I:22 4.4 f 0.7 X.6 f 0.7 
I .2 I : l  I 6.6 f 0.6 6.4 f 0.6 

R. R I ilnd R I (S) 
conccntration tubulin in tubulin in 

(LtM) polvmcr (!tM) solution (!tM) 

0 3.0 f 0.3 10.0 f 0.3 
250 3.3 f 0.2 9.7 f 0.2 
500 4.3 f 0.4 8.7 f 0.4 
I000 S.6 f 0.3 7.4 f 0.3 
IO00 R I ( S )  3.2 f 0.3 9.8 f 0.3 

C. R 1 -R2 IR and R I -R2(S)  

conccntrat ion tubulin in tubulin in 
(!tM) polymer (!tM) solution (!tM) 

~~~~~ 

0 3.0 k 0.3 10.0 f 0.3 
250 3.4 f 0.7 9.6 f 0.7 
500 4.7 f 0.5 8.3 f 0.5 
IO00 6.2 f 0.9 6.8 f 0.9 
IO00 RI  -R2(S)  2.9 f 0.3 IO. 1 f 0.3 

OT I 1 I I I I 
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Time (min) 

FIGURE 2: Axoncmc-scedcd microtubulc asxembly ;IS determined 
by tiirbidimctry at 350 nm in the abwncc or prcscncc of tau. R I ,  
and R I - R 2  IR. Purifed bovine brain tubulin (13 ,uM) was 
polymcrizcd to stcady state at 37 "C in  PMME buffcr plus 1 mM 
GTP at thc ends of a fixcd conccntration of' axoncmal sceds in the 
abscncc (0) or prcscncc o f  1.2 !tM tau (M). 1000 !tM R 1 (0). or 
1000 !tM I< I -R2 (0) (scc Matcrials and jlcthods). 

E.stcihlishnic.nt of Stmdy-Stcite Conditions: I$7kt.s of Toir 
on Stecit!\'- St ci t e Micro t i r hi I le Poly m 4 r Mciss 

Tubulin ( I 3  pM) was polymerized to polymer mass steady 
state in PMME buffer containing 1 mM GTP by incubation 
with axonemal seeds in the absence or presence of low ratios 
of tau to tubulin (Materials and Methods). As shown in 
Figure 2, steady state was attained within 35 min from the 
time of initiation in either the absence or presence of 1.2 
pM tau (ratio of total tau to total tubulin, I : I  I ) ,  the highest 
tau to tubulin ratio used in this work. As expected, 1.2 pM 
tau strongly stimulated the rate and extent of polymerization. 
In addition, both the rate and extent of polymerization 
decreased with decreasing tau concentrations (see Table 1 ), 
so that at 0.075 ,uM tau ( I  : 175 tau:tubulin) the extents of 
polymerization in the presence and absence of tau were 
i n d i s t i n g u i s h a b 1 e. M i c ro t i t  b u 1 e s at t a i n ed po 1 y m e r mass 
steady state by 35 min of incubation of all tau concentrations 
used (data not shown). 

Sir p p  ression of St etic!\'-Stcite Dy ncim ics by Tu ir 

Sirppression qf Grm*ing nnd Shortening Rates. Under the 
conditions used, the microtubules primarily grew at the plus 
ends of the seeds, as determined by the growth rates, the 
number of microtubules, and the relative lengths of the 
microtubules at opposite ends of the seeds (Walker et al., 
1988; Pryer et al., 1992; Drechsel et al., 1992; Toso et al., 
1993; Panda et al., 1994). Microtubules grew at the minus 

ends, but under the conditions used, usually no more than 
one microtubule grew at the minus end of a seed, and clear 
differences in the growth rates of the microtubules at the 
two ends were apparent. Control microtubules polymerized 
to steady state in the absence of tau displayed typical 
dynamic instability behavior at their plus ends, as shown in 
the life history traces in Figure 3A. In contrast, the addition 
of 1.2 pM tau (Figure 3R) strongly suppressed the growing 
and shortening dynamics. 

The actions of tau at different tau to tubulin ratios (between 
1:175 and I : I  I )  on the individual dynamic instability 
parameters of steady-state microtubules were determined 
quantitatively (Table 2A). The mean growing rate for control 
microtubules in the absence of tau was 1.03 f 0.41 pm/ 
min. Such large standard deviations in growing (and 
shortening) rates have been observed previously and may 
represent intrinsic differences in the polymer structures 
assembled in uitro (Gildersleeve et al., 1992; Drechsel et 
al., 1992). The addition of tau reduced the growing rate in 
a concentration-dependent manner. At the lowest ratio of 
tau to tubulin used ( 1 : 175.0.075 !tM tau), the mean growing 
rate was slightly reduced ( 10- IS%), but the reduction was 
not statistically significant. However, the mean growing rate 
was inhibited significantly as the ratio of tau to tubulin was 
increased. At the highest ratio of tau to tubulin (1: 1 1 ,  1.2 
,uM tau), the steady-state mean growing rate was decreased 
by approximately 40% to 0.58 pm/min (Table 2A). Inhibi- 
tion of the growing rate by tau correlated well with the ability 
of tau to reduce the free subunit concentration (Table 1 and 
Discussion). 

Tau also decreased the mean shortening rate (Table 2A). 
In contrast to the minimal effects that a tau:tubulin ratio of 
1 : 175 (0.075 pM tau) exerted on the growing rate, this ratio 
of tau to tubulin suppressed the mean shortening rate by 
approximately 44%. and at the highest tau:tubulin ratio used 
( 1 :  1 1 ,  1.2 pM tau), the shortening rate was reduced by 
approximately 70%. Histograms of mean shortening rates 
in the absence or presence of tau are shown in Figure 4. 
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<' 0 2 4 6 X IO 

Time (min) 
FIGURE 3: Changes in steady-statc plus-cnd microtubulc lengths with time in the abscncc (A )  or prcscncc of  I .2 !tM tau (R). 1000 !tM RI 
(C), and 1000 ,uM R 1 -R2 IR (D). Thc life history traces shown are typical examples of individual microtubulcs growing and shortening. 

Tau (1.2 ,uM) decreased the shortening rates and virtually 
eliminated the extremely rapid shortening events, thus 
resulting in substantially narrower shortening rate distribu- 
tions than in controls (Figure 4B). 

We also determined the average length the microtubules 
shortened per shortening event by dividing the summed 
shortening lengths for all microtubules for a particular 
condition by the total number of shortening events for all 
microtubules measured for that condition. As shown in 
Figure 5A, tau dramatically reduced the mean shortening 
length of each shortening event. For example, at a tau to 
tubulin ratio of 1 : 175 (0.075 ,uM tau), the mean shortening 
length per shortening event decreased by 45% from 6.7 to 
3.8 pm. In addition, tau caused a significant reduction in 
the distribution of shortening lengths per shortening event 
and a disappearance of the large shortening length excursions 
(Figure 4E,F). Therefore, the decreases in shortening rate 
and in the length shortened per shortening event and the 
tightening of the rate and length distributions by tau indicate 
that tau increased the structural stability of the microtubules. 

Effects of Tair on the Percentcige of Time the Microtrrhirles 
Remain in an Atteni4cited (Pciirsecl) Stor . At or near steady 
state, microtubules in vitro and in cells . pend a considerable 

fraction of the total time in a pause or attenuated phase (Toso 
et al., 1993; Shelden & Wadsworth. 1993; Panda et al., 1994; 
Dhamodharan & Wadsworth, 1995). In the attenuated state, 
subunit addition and loss may be occurring. but the extent 
of net growth or shortening is too low to be detected by 
video microscopy. Under the conditions used, the micro- 
tubules in the absence of tau spent approximately 5% of the 
total time in an attenuated state. The percentage of time 
spent in the attenuated state was significantly increased by 
tau (Table 2A). For example. at a tau to tubulin ratio of 
1:11 (1.2 p M  tau), the percentage of time spent in the 
attenuated state increased from 5% to 33%, a more than 
6-fold increase. This increase 0 ccurred in association with 
a significant decrease in the pe centage of time the micro- 
tubules spent shortening and a moderate dec 'ease in the 
percentage of time the microtubules spent growing (Table 
2A). 

Actions of Tciir on Trcrnsition Frcyirencie.s. The catastro- 
phe frequent:. (frequency of transition to a shortening event) 
was determin :d by dividing the number of catastrophes by 
the sum of thc total time spent growing plus the total time 
spent in the attenuated phase. The rescue frequency (fre- 
quency of transition from shortening to growing or from 
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Table 2: Effects of Tau, R1, and Rl-R2 IR on Steady-State Dynamic Instability Parameters" 
A. Tau 

concentration @M) 
0 0.075 0.15 0.3 0.6 1.2 

mean rate @m/min) 
growing 1.03 f 0.41 0.85 f 0.52 0.75 f 0.61 0.61 f 0.41 0.62 f 0.45 0.58 z t  0.45 
shortening 16.6 f 7.6 9.3 f 7.7 9.3 f 7.1 6.6 f 5.8 5.5 f 5.6 5.2 f 5.2 

growing 82.9 80.4 78.3 74.1 16.5 61.0 
shortening 12.1 11.3 11.3 10.2 5.9 5.8 
attenuation 5 8.3 10.4 15.7 17.6 33.2 

total time (%)b  

B. R1 and RI(S) 
concentration @M) 

0 250 5 00 1000 1000 Rl(S) 
mean rate @m/min) 

growing 1.03 f 0.41 0.84 f 0.53 0.79 f 0.41 0.56 f 0.41 0.98 f 0.74 
shortening 16.6 f 7.6 7.03 f 6.1 6.21 f 6.6 5.1 f 5.8 17.5 f 5.6 

growing 82.9 70.3 73.8 75.0 84.4 

attenuation 5.0 18.6 17.0 18.1 4.4 

total time 

shortening 12.1 11.1 9.2 6.9 11.2 

C. Rl-R2 IR and RI-R2(S) 
concentration @M) 

0 250 500 1000 1000 Rl-R2(S) 
mean rate @m/min) 

growing 1.03 f 0.41 0.89 f 0.56 0.73 f 0.42 0.66 f 0.38 0.95 f 0.60 
shortening 16.6 f 7.6 11.1 f 8.7 10.5 f 10.1 8.45 f 6.6 14.4 f 8.7 

total time (%)b  
growing 82.9 77.2 77.0 74.5 75.7 
shortening 12.1 11.9 9.1 8.8 13.8 
attenuation 5 10.9 13.9 16.7 10.5 

Values are mean f the standard deviation. If one determines the changes in microtubule length of MAP-free microtubules on the basis of the 
dynamics data obtained in this study, it would appear that the microtubules were undergoing net depolymerization rather than being at steady state. 
However, this is due to the method of analysis, which slightly underestimates the percentage of total time that the microtubules grow and overestimates 
the percentage of time the microtubules spend shortening. In fact, in most studies in vivo (e.g., Dhamodhran & Wadsworth, 1995) and in vitro 
(e.g., Walker et al., 1988; Pryer et al., 1992; Trinzeck et al., 1993; Itoh & Hotani, 1994), the method used results in the calculated net shortening 
of plus ends. The reason is that one must begin measurement with a microtubule that has already attained a, certain length. The rescue frequency 
is low in the absence of MAPs, and therefore microtubules will often undergo complete depolymerization after a catastrophe. Thus, the observer 
measures more microtubule length lost than gained. When MAPs are present and the microtubules do not depolymerize significantly due to 
increased rescue frequency, shortening and growing are balanced. 

shortening to the attenuated state) was calculated by dividing 
the number of rescue events by the total time spent in the 
shortening phase. As shown in Table 3A, 1.2 p M  tau 
decreased the catastrophe frequency by -35%, whereas the 
increase in rescue frequency was dramatic (-350%). 

The ability of tau to increase the rescue frequency could 
be due to the reduction in the shortening rate rather than to 
a direct effect on cap stabilization. In support of this 
possibility, we found that the rescue frequency increased 
linearly with the inverse of the shortening rate (data not 
shown). We also calculated the rescue frequency in the 
manner described by Kowalski and Williams (1993) by 
dividing the total number of rescues by the total length 
shortened during a shortening event. The rescue frequency 
per micrometer of shortening is shown as a function of tau 
concentration in Figure 6A; tau strongly increased the 
frequency of rescue per micrometer of shortening. For 
example, a tau to tubulin ratio of 1: 1 1 (1.2 pM tau) increased 
the rescue frequency by approximately 9.5-fold (Figure 6A). 
Together with the results indicating that tau does not strongly 
affect the catastrophe frequency, the data indicate that tau 
does not directly stabilize the cap, but rather it increases the 
rescue frequency by slowing the shortening rate and decreas- 
ing the extent of each shortening excursion. 

Stabilization of Steady-State Microtubule Dynamics by the 
Microtubule-Binding Domains of Tau 

To dissect the molecular mechanisms by which intact tau 
affects microtubule dynamics, we examined the actions on 
the dynamics of peptides corresponding to two different 
tubulin-binding domains in tau. Consistent with previous 
studies (Ennulat et at., 1989; Maccioni et al., 1989; Goode 
& Feinstein, 1994), high concentrations of the R1 and R1- 
R2 IR peptides were required to stimulate tubulin poly- 
merization (Figure 2 and Table l) ,  which likely reflects the 
weaker binding affinity of these peptides for tubulin than 
for tau. As with full-length adult tau, the steady state was 
attained by 35 min of incubation (Figure 2). Interestingly, 
R1 and Rl-R2 IR both suppressed steady-state microtubule 
dynamics in a manner that was qualitatively indistinguishable 
from intact tau (Figure 3C,D). 

Suppression of Growing and Shortening Rates by R1 and 
R1-R2 IR. R1 and Rl-R2 IR reduced both the mean growing 
and shortening rates at steady state in a concentration- 
dependent manner. As with full-length tau, the effects of 
the peptides on the mean shortening rate were much stronger 
than the effects on the growing rate (Table 2B,C). For 
example, 250 pM Rl-reduced the mean shortening rate by 
58% from 16.6 to 5.2 p d m i n ,  while the mean growing rate 
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FIGLRE 4: Frcqucncy histograms of microtubule shortening ratcs 
and thc Icngth shortcncd pcr shortening cvcnt at steady state in thc 
abscncc or prcsencc of I .2 !rM tau. IOOO !tM R 1. and IOOO !tM 
Rl-R2 IR. Shortcning ratcs and lengths wcrc tlctcrmincd ;is 
dcscribcd in Matcrials and Mcthods. Shown hcrc arc shortcning 
ratc distribution histograms for control microtubules (A). tau (R) ,  
RI (C). and R I-R2 (I>)  and shortcning Icngth distribution histo- 
grams for control microtuhulcs (E). tau (1:). I< 1 (G),  and KI-R2 IR 
(HI. 

was reduced by only 15%. The effects of R 1-R2 IR on the 
rates of growing and shortening were qualitatively similar 
to those of R I ,  but R I -R2  IR was somewhat less potent than 
R I .  For example, l 0 0 0 p M  R I  inhibited the shortening rate 
by 69%. whereas I W p M  RI-R2  IR inhibited the shortening 
rate by 49% (Table 2R.C). Similar to the effects of tau, R 1 
(1000 p M )  and R I - R 2  IR (1000 ! t M )  eliminated the 
extremely rapid shortening events, which resulted in sub- 
stantially narrower shortening rate distributions (Figure 
4C,D). R I  and R I - R 2  1R also decreased the length of 
microtubule lost per shortening event, a s  shown in Figure 
SB. For example, at 1000 p M  R I  or R I - R 2  IR, the mean 
shortening length decreased by 3.2- or 2.2-fold. respectively. 
Also, R 1 and R 1 -R2 IR significantly reduced the distribution 
of shortening lengths per shortening event (Figure 4G.H). 

@ects of RI tiricl Rl-R2 lR  o ~ i  tlie Pet-wiitciCqe of Time 
Speiit in the A ttenircitecl Stcite trritl on Tt-ernsition Ft-ecpvicies. 
Like full-length tau, the R I  and R I - R 2  IR peptides also 
reduced the percentage of time that the microtubules spent 
growing and shortening and increased the percentage of time 
that the microtubules spent in an attenuated state (Table 
2R,C). For example, 1000 / t M  R 1 increased the percentage 
of time spent in the attenuated state by approximately 3-fold 
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FIGURE 5:  Supprcssion of thc shortcning lcngth pcr shortening cvcnt 
at plus cnds of' steady-statc microtubulcs by tau. R I .  and RI-R2 
IR. Thc length shortcncd per shortening cvcnt was calculated by 
dividing thc total shortening Icngth by the total numbcr of  
shortening evcnts for all microtubulcs mcasurcd: (A)  tau (R) RI 
(0) and KI-R2 IR (m). Error bars rcprcscnt thc standard crror of  
thc mcan. 

Tiiblc 3: 
Freqiiencie~" 

Effects of Tau, R 1 .  and R I -R2 IR on Transition 

A. Tau 
concc n t rat i on (!i M ) t aii: t u bu I in ratio cat ast rop hcs/m i n rcscucs/m i n 

0.32 f 0.05 
0.32 f 0.05 
0.3 I f 0.05 

0.19 f 0.03 
0.2 I f 0.04 

0.02 f 0.22 0 0 
I .85 f 0.38 0.075 1:17s 
I .85 f 0.32 0. I5 1 :85 

0.30 1 :45 0.26 f 0.04 2.00 f 0.32 
2.70 f 0.45 0.60 1 :22 
3. I5 f 0.57 1.20 I : I  I 

R. R I  and RI(S) 
concentration (pM) catastrophcs/min rcscucs/m in 

0 0.32 f 0.05 0.92 f 0.22 
250 0.25 f 0.04 I .90 f 0.30 
500 0.22 f 0.04 I .os f 0.32 
IO00 0. I7 f 0.03 2.17 f 0.42 
IOOO RI(S) 0.34 f 0.05 1.07 f 0.25 

C. R I -R2 IR and R I -R2(S) 
concentration ( p M )  cat ast rophcs/m i n rcscucs/mi n 

0 0.32 f 0.05 0.92 f 0.22 
250 0.36 f 0.06 I .70 f 0.36 
SO() 0.22 f 0.04 I .60 f 0.33 
IO00 0.25 f 0.04 2.08 f 0.38 
IO()O RI -R2 IR(S) I .04 f 0.20 0.39 f 0.07 
" Values are mcan f standard emor (Walker et al.. 1988): inem of' 

approximately 35 events per condition. 

from 5% to 18.1%. The potency of R I  was only minimally 
greater than that of R I - R 2  IR. Similar to the action of full- 
length tau, 1000 ,uM R 1 and R 1 -R2 IR moderately reduced 
the catastrophe frequency and strongly increased the rescue 
frequency (Table 3R,D and Figure H3). 

Specificity of RI cind Rl-R2 IR. To determine whether 
the ability of R I  or R1-R2 1R to stabilize microtubule 
dynamics was sequence specific, we synthesized a scrambled 
form of R I ,  called R 1 (S) (IHQPGKVTGRSESNGKLG), and 
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FIGURE 6: Increase in rescue frequency per micrometer of length 
shortened with increasing concentrations of tau (A), R1 (B, M), 
and R1-R2 IR (B, 0). The rescue frequencies were calculated by 
dividing the total number of rescues by the total shortening lengths 
for all microtubules. Error bars represent standard deviation. 

used a scrambled form of Rl-R2 IR, called Rl-R2 IR(S) 
(IKDNVKQILK) (Goode and Feinstein, 1994), in which the 
amino acid sequences of the two peptides were randomly 
altered. At concentrations of 1000 pM, both Rl(S) and R1- 
R2 IR(S) had little or no effect on microtubule dynamics. 
The actions of the scrambled peptides on the growing or 
shortening rates or on the percentage of time the microtubules 
spent growing, shortening, or in the attenuated state (Table 
2B,C) were all within 10% of control values. 

Effects of Tau, R I ,  and R1 -R2 IR on Overall Dynamicity 
at Steady State. Dynamicity, which is calculated from all 
detectable growth and shortening events, including the time 
spent in the attenuated state, provides a measure of overall 
dimer exchange at steady state (Toso et al., 1993; Panda et 
al., 1994). Decreased dynamicity indicates increased stabil- 
ity. As shown in Figure 7, tau, R1, and Rl-R2 IR strongly 
reduced dynamicity. At the highest concentrations examined, 
tau, R1, and R1-R2 IR inhibited dynamicity by 75%, 75%, 
and 56%, respectively. 

DISCUSSION 

The present work on the action of tau and tau peptides on 
microtubule dynamic instability was carried out at polymer 
mass steady state, which may reflect the conditions in mature 
axons. We found that low ratios of tau to tubulin, between 
1: 175 and 1: 1 1, which spanned those found in undifferenti- 
ated and differentiated PC-12 cells (Drubin et al., 1985), 
reduced the rate and extent of shortening. In contrast to the 
action of tau under conditions of net polymer gain (Pryer et 
al., 1992; Drechsel et al., 1992), these low ratios of tau to 
tubulin also decreased the rate and extent of growth. Tau 
also strongly increased the percentage of time microtubules 
spent in an attenuated state, neither growing nor shortening 
detectably, and increased the rescue frequency. At the lowest 
ratios of tau to tubulin used, suppression of dynamics 

0.2 0.4 0.6 0.8 1.0 1.2 a 
Concentration ( yM) v - 
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OO 250 
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FIGURE 7: Suppression of steady-state microtubule dynamicity by 
tau (A), R1 (B, 0), and R1-R2 IR (B, 4). Dynamicity (Materials 
and Methods) is the overall tubulin dimer exchange per second. 

occurred with minimal increases in polymer mass, and at 
the highest ratio of tau to tubulin used (1 : 1 1, 1.2 pM tau), 
the critical subunit concentration was decreased by only 40%. 
Thus, under steady-state conditions, relatively low molar 
ratios of tau to tubulin kinetically stabilize microtubule 
dynamics in the absence of strong increases in polymer mass. 
In addition, R1 and Rl-R2 IR qualitatively mimicked the 
action of full-length tau, although the potency of the peptides 
was approximately 1000-fold lower on a molar basis than 
that of full-length tau. 

Substoichiometric Molar Ratios of Tau to Tubulin 
Kinetically Stabilize Microtubule Growing and Shortening 
Dynamics 

Suppression of Steady-State Shortening by Tau. Low 
molar ratios of tau to tubulin did not strongly inhibit the 
catastrophe frequency; thus, it was possible to examine the 
actions of tau on microtubule shortening. We found that 
low ratios of tau to tubulin strongly reduced both the steady- 
state shortening rate and length shortened during a shortening 
event (Table 2 and Figure 5) .  This appears to be the primary 
mechanism responsible for microtubule stabilization by tau. 
These results are in accord with previous studies carried out 
in vitro on the effects of unfractionated brain MAPs or MAP2 
on the dynamics of individual microtubules, which have 
shown that the MAPs strongly reduce both the rate and extent 
of shortening (Horio & Hotani, 1986; Pryer et al., 1992; Toso 
et al., 1993; Kowalski & Williams, 1993). Drechsel et al. 
(1992), using dark-field microscopy, were unable to measure 
shortening events under conditions of microtubule elongation 
in the presence of tau, because at the conditions used the 
catastrophe frequency was too low. However, they could 
show that tau reduced the shortening rate of individual 
microtubules under conditions in which the tubulin concen- 
tration was lowered by perfusion with tubulin-free buffer. 

Tau Increases the Percentage of Time Microtubules Spend 
in the Attenuated State. Microtubules in vivo spend a 
significant fraction of their total time in an attenuated or 
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pause state, when neither growth nor shortening can be 
detected by video microscopy (Sammak & Borisy, 1988; 
Shelden & Wadsworth, 1993; Dhamodharan & Wadsworth, 
1995). Similarly, microtubules also spend considerable time 
in an attenuated state in vitro at steady state (Toso et al., 
1993; Panda et al., 1994; Deny et al., 1995) whereas under 
non-steady-state conditions, microtubules spend very little 
time in the pause or attenuated state (Walker et al., 1988). 
In the present work, we found that tau significantly increased 
the percentage of time that the microtubules spent in the 
attenuated state (Table 2A), thus further indicating that tau 
kinetically stabilizes microtubule dynamics. 

Suppression of Steady-State Growing Rates; Correlation 
with the Reduction in the Tubulin Concentration. At polymer 
mass steady state, tau decreased plus-end growing rates 
(Table 2A). Such data might appear to be incompatible with 
the results of previous studies in which tau increased growing 
rates (Pryer et al., 1992; Drechsel et al., 1992). However, 
the present studies were carried out at steady state, and the 
results of Pryer et al. (1992) and Drechsel et al. (1992) were 
carried out under conditions of net polymer gain. 

The growing rate at a microtubule end depends on the 
association rate constant, the concentration of free tubulin, 
and the dissociation rate constant, according to the following 
relationship: 

rg = k,C - k- 

where rg is the growing rate, k+ is the association rate 
constant, k- is the dissociation rate constant, and C is the 
soluble tubulin concentration. Under the reaction conditions 
used in the present study, tau did not appreciably reduce the 
growing rate at the lowest concentration used and did not 
appreciably reduce the critical concentration at this tau 
concentration. As the tau concentration was increased, the 
soluble tubulin level decreased concomitant with the decrease 
in growing rate. At the highest tau concentration used (1.2 
pM), the soluble tubulin concentration was reduced by 
approximately 40% from 10 to 6.4 p M  concomitant with a 
40% reduction in the growing rate (Tables 1 and 2). Thus, 
the reduction in the mean growing rate at steady state by 
tau can be accounted for by the reduction in the soluble 
tubulin concentration. A similar reduction in the growing 
rate was obtained when the growing rates of individual MAP- 
rich microtubules were compared with those of MAP-free 
microtubules at steady state in vitro (Toso et al., 1993) and 
when heat-stable MAPs and MAP2 were microinjected into 
living cultured BSC-1 cells, which also, presumably, were 
at or close to steady state (Dhamodhoran & Wadsworth, 
1995). Under conditions of rapid elongation, Drechsel et 
al. (1992) obtained evidence indicating that tau may actually 
increase the association rate constant for tubulin addition at 
microtubule plus ends. However, several investigators (BrC 
& Karsenti, 1990; Pryer et al., 1992) concluded that the 
ability of tau to increase the apparent growing rates was due 
to a decrease in the dissociation rate constant rather than to 
an increase in the association rate constant. In the present 
work, at low ratios of tau to tubulin at steady state, no 
increase in the association rate constant was detectable. 

Effects of Tau on the Transition Frequencies. The effects 
of tau on the steady-state catastrophe frequency were 
negligible at low molar ratios of tau to tubulin (at or below 
0.15 pM, Table 3A) and were relatively modest even at high 
ratios of tau to tubulin. For example, only a 35% decrease 
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in the catastrophe frequency occurred at a molar ratio of tau 
to tubulin of 1: 11 (1.2 pM tau), which was the highest ratio 
examined. Similar results were obtained by Dhamordharan 
and Wadsworth (1995) when heat-stable MAPs were injected 
into cultured BSC-1 cells. However, Drechsel et al. (1992) 
observed a large decrease in the catastrophe frequency at 
high ratios of tau to tubulin under conditions of rapid polymer 
gain. Such data might be taken to indicate that tau acts 
directly on the stabilizing cap, increasing its retention. 
However, as previously suggested by Drechsel et al. (1992), 
a decrease in the catastrophe frequency by tau may not be 
due to a direct action of tau on the stabilizing cap. One 
possibility is that the binding of large numbers of tau 
molecules along the microtubule lattice decreases the rate 
and extent of shortening to such an extent that catastrophes 
are too small to be detected by video microscopy. Both 
Walker et al. (1988) and Drechsel et al. (1992) observed 
that the catastrophe frequency decreased with increased 
growing rate and increased soluble tubulin concentration. 
Thus, one reason why tau may not have strongly suppressed 
the catastrophe frequency in the present work may be that 
the suppression was masked by the decreased growing rate 
and decreased soluble tubulin concentration. 

Microtubules that assembled to polymer mass steady state 
in the presence of tau persisted substantially longer than 
microtubules assembled with purified tubulin, in large part 
because tau strongly increased the rescue frequency (Table 
3). Similar results have been reported by Pryer et al. (1992) 
and Drechsel et al. (1992) under conditions of net polymer 
gain. However, similar to the effects of tau that have been 
observed on the catastrophe frequency, the ability of tau to 
increase the rescue frequency does not necessarily indicate 
that tau is directly increasing the frequency of cap regain. It 
seems more likely that because tubulin dissociation during 
shortening was strongly slowed by tau, there was a greatly 
increased opportunity for regain of the stabilizing cap. This 
idea is supported by the data indicating that the dependence 
of the rescue frequency was linearly proportional to the 
inverse of the shortening rate and also that increasing 
concentrations of tau significantly increased the rescue 
frequency per unit length shortened (Table 2 and Figure 6). 
Thus, it is expected that high ratios of tau to tubulin would 
increase the rescue frequency per unit length shortened to 
such an extent that catastrophe would be undetectable by 
video microscopy. 

Both the RI and RI-R2 IR Microtubule-Binding Domains 
Mimic the Action of Intact Tau on Microtubule 
Polymerization and Steady-State Dynamics 

We found that the R1 and R1-R2 IR peptides stimulated 
microtubule assembly (Figure 2) and kinetically stabilized 
microtubule dynamics in a manner that was qualitatively very 
similar to the action of full-length adult tau. The present 
results support the conclusions of Goode and Feinstein (1994) 
that the Rl-R2 interrepeat sequence does indeed bind 
microtubules and stimulates microtubule polymerization. 
Specifically, both the R1 and Rl-R2 IR peptides decreased 
the growing and shortening rates, reduced the length 
shortened during a shortening phase, and increased the rescue 
frequency. Both peptides markedly increased the percentage 
of time that the microtubules spent in the attenuated state, 
and like full-length tau, they decreased the overall dynamicity 
of the microtubules. In addition, R1 was generally more 
effective than Rl-R2 IR (Tables lB,C and 2B,C). 
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These results are consistent with earlier reports indicating 
that small single-peptide sequences representing tubulin- 
binding domains of tau or MAP2 require at least 2 orders of 
magnitude higher concentration than full-length tau to 
promote bulk phase microtubule assembly (Aizawa et al., 
1989; Ennulat et al., 1989; Maccioni et al., 1989; Butner & 
Kirschner, 1991; Goode & Feinstein, 1994). Full-length tau 
has multiple tubulin-binding sites, and cooperation between 
these sites may provide intact tau with a more favorable 
microtubule binding conformation than the synthetic peptides 
can achieve by themselves. Consistent with previous reports 
(Maccioni et al., 1989; Ennulat et al., 1989; Goode & 
Feinstein, 1994), the results indicate that the interaction 
between the peptides and the tubulin involves not only 
electrostatic charge neutralization but also a sequence-specific 
interaction. 

A Model for Kinetic Stabilization of Microtubules by Tau 

Tau shares homology in its microtubule-binding regions 
with at least two other MAPs, MAP2 and MAP4. Each is 
capable of interacting with tubulin through its proline-rich 
middle region and its carboxyl terminus containing multiple 
copies of the 18-amino acid repeat (Aizawa et al., 1991; 
Lewis et al., 1988, 1989; Butner & Kirschner, 1991; Chapin 
& Bulinski, 1992; Yamauchi et al., 1993; Goode & Feinstein, 
1994; Gustke et al., 1994). In addition to the homology 
among repeats, the Rl-R2 IR domain is highly conserved 
among these MAPS (Goedert et al., 1989a,b; Lewis et al., 
1988; Lee et al., 1988), raising the possibility that it performs 
a similar microtubule-binding function in MAP2 and MAP4 
(specifically, in isoforms containing > 3 repeats). 

A major cognate binding site for these MAPs appears to 
be in the C-terminus of tubulin, because removal of the 
C-terminus by digestion with subtilisin results in the loss of 
MAP binding activity and an inability of the MAPS to 
stimulate polymerization (Serrano et al., 1984; Littauer et 
al., 1986). Data indicating that the maximal stoichiometry 
of tau binding to tubulin is approximately 1 5 ,  together with 
the theoretical possibility that the interrepeat segments can 
span the distance between subunits, have given rise to the 
idea that each tau repeat might bind to a different turbulin 
monomer (Hirokawa et al., 1988; Butner & Kirschner, 1991). 
This model helps to explain the ability of full-length tau to 
stabilize microtubules: it suggests that lateral interprotofila- 
ment associations and/or longitudinal dimer associations are 
stabilized by tau binding to multiple tubulin subunits in the 
lattice. 

However, our results suggest that tau may stabilize micro- 
tubules by a different primary mechanism. The R1 and R1- 
R2 IR peptides, which represent single microtubule-binding 
domains as short as 8 amino acids in length, kinetically 
stabilized steady-state microtubule dynamics in a manner that 
was qualitatively similar to full-length tau. By assuming that 
these short peptides are not capable of spanning multiple 
tubulin subunits in the lattice, it seems like that the stabilizing 
activity of tau is due in large part to an ability to strengthen 
inter-tubulin bonding by inducing a conformational change 
in the tubulin. While the multiple repeats of tau may still 
be involved in microtubule stabilization, it follows that the 
main purpose of the multiple binding repeats may be to 
increase the affinity of tau (or other MAPS with similar 
multiple binding repeats) for the microtubule surface. 

That the R1 and Rl-R2 IR peptides influence microtubule 
dynamics similarly to one another is surprising. Results of 
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binding competition assays have indicated that the R1 and 
Rl-R2 IR domains in tau may bind to distinct sites in tubulin 
(Goode & Feinstein, 1994). In addition, the peptides appear 
to interact with tubulin via different molecular mechanisms. 
Whereas the repeats derive their binding energies from a 
distributed array of weak sites involving van der Waals a n d  
or highly shielded ionic forces (Butner & Kirschner, 1991), 
Rl-R2 IR appears to derive its binding energy from two well- 
defined lysine residues, implicating strong ionic interactions 
with tubulin (Goode & Feinstein, 1994). Binding of R1 and 
Rl-R2 IR to different tubulin-binding sites might be expected 
to give rise to different effects on microtubule dynamic 
parameters. Yet, in this study, the actions of the two peptides 
on dynamics were qualitatively similar (and similar to that 
of full-length tau). 

It is also intriguing that the drug taxol exerts actions on 
bulk microtubule polymerization and on the growing and 
shortening dynamics of individual microtubules at steady 
state that are remarkably similar to the actions of tau and 
two different tau peptide domains. In bulk solution, taxol 
stimulates microtubule nucleation, promotes microtubule 
elongation, and strongly stabilizes microtubules (Schiff et 
al., 1979; Caplow & Zeeberg, 1982; Wilson et al., 1985; 
Derry et al., 1995). In addition, analysis of the effects of 
taxol on the growing and shortening dynamics of MAP- 
depleted microtubules at steady state in vitro by video 
microscopy indicates that, at the lowest effective drug 
concentrations, taxol suppressed the rate and extent of 
microtubule shortening concomitant with a moderate reduc- 
tion in the critical concentration. Like the action of tau, taxol 
also strongly increased the percentage of time that micro- 
tubules spend in an attenuated state, neither growing nor 
shortening detectably (Derry et al., 1995). Interestingly, the 
binding sites for taxol and tau appear to be distinct, on the 
basis of chemical cross-linking studies with photoaffinity 
taxol derivatives (Rao et al., 1994) and evidence indicating 
that tau can bind to its tubulin-binding sites on taxol- 
stabilized microtubules (Butner & Kirschner, 1991). Chemi- 
cal cross-linking studies have indicated that the taxol-binding 
site is at the N-terminus of ,&tubulin (Rao et al., 1994). Thus, 
a qualitatively similar kinetic stabilization of microtubule 
dynamics can occur by the interaction of molecules with 
several different regions of tubulin exposed at the microtu- 
bule surface. 

Finally, the finding that the R1 and Rl-R2 IR peptides 
modulate microtubule dynamics in a manner qualitatively 
similar to the action of full-length adult tau suggests a 
possible route for preparing low molecular mass stabilizers 
of microtubule dynamics. It may eventually be possible to 
generate small peptides having high microtubule binding 
affinity that have much smaller (taxol-like) microtubule- 
stabilizing activity than R1 or Rl-R2 IR. 
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