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ABSTRACT. The EBH-TIP protein family and its binding partners track growing plus ends of microtubules

in cells and are thought to regulate their dynamics. Here we determined the effects of EB1 and the
N-terminal CAP-Gly domain (p150n) of one of its major binding partners, §8Dboth separately and
together, on the dynamic instability parameters at plus ends of purified steady-state microtubules. With
EB1 alone, the shortening rate, the extent of shortening, and the catastrophe frequency were suppressed
in the absence of significant effects on the growth rate or rescue frequency. The effects of EB1 on dynamics
were significantly different when p150n was added together with EB1. The rate and extent of shortening
and the catastrophe frequency were suppressddighes more strongly than with EB1 alone. In addition,

the EB1-p150n complex increased the rescue frequency and the mean length the microtubules grew,
parameters that were not significantly affected by EB1 alone. Similarly, deletion of EB1’'s C-terminal
tail, which is a crucial binding region for p150n, significantly increased the ability of EB1 to suppress
shortening dynamics. EB1 by itself bound along the length of the microtubules with 1 mol of EB1 dimer
bound per~12 mol of tubulin dimer. Approximately twice the amount of EB1 was recruited to the
microtubules in the presence of p150n. Our results indicate that inactivation of EB1’s flexible C-terminal
tail significantly changes EB1’'s ability to modulate microtubule dynamics. They further suggest that
pl5¢edmay activate and thereby facilitate the recruitment of EB1 to the tips of microtubules to regulate
their dynamics.

The stochastic switching between growth and shortening interphase. Several of the TIP proteins including EB1,
(dynamic instability) at the plus ends of microtubules plays p15@®ed CLIP170, and APC have been shown to bind to
important roles in cell migration, motility and mitosi$—< each othein vzitro and to colocalize at growing microtubule
3). Microtubule associated or accessory proteins (MAPs  plus ends in cells7—13). Their interactions are of moderate
are known to regulate dynamic instability behaviors, both affinities and rely on a limited set of protein modules and
in vitro and in cells 4, 5). The plus end tracking proteins  jinear sequence motif20—23). This finding suggests that
(+TIPs) are MAPs that localize to and track the plus ends nymerous modular binding sites in different combinations

of growing microtubules in cells§-19). +TIPs, which  ¢ontro] the dynamics and remodeling 6fTIP networks.
include EB1 (end binding protein 1), the p589 subunit . . . o
of dynactin, CLIP170 (cytoplasmic linker protein 170) and Ewdencg is accumulating that EB1 and 'ts. pmdlng partners
APC (adenomatous polyposis coli protein), are strongly _regulate mlcrotl_JbuIe plus end growth, stability, _anq dynam-
conserved and found in species from yeast to humans. AICS- When EB1 is added tenopusgg extracts, it binds to
number of functions have been attributed to th@IPs the microtubules both at their ends and along their lengths
including involvement in the search and capture dynamics (14). In this system, the added EB1 was found to suppress
of microtubule plus ends in relation to targeting chromo- the catastrophe frequency (the switching frequency from
somes during mitosis and targeting to the cell cortex during 9rowth to rapid shortening), to increase the rescue frequency
(the switching frequency from shortening to growth) and to
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motor complex 15). p15@ed [ocalizes at the plus ends of trations throughout this work were determined by the method
growing microtubules along with othefTIPs including EB1 of Bradford with bovine serum albumin as the stand&%).(
and CLIP170 16) p1505|UEd has been shown to bind direCtly Video Microscopy'Puriﬁed tubulin (ZOﬂM) was as-
to EB1 and to microtubuleslf, 18) and in cells appearsto  sembled onto the ends of sea urchBtrongylocentrotus
be involved in dyHEin'mEdiated transport of cargo along purpura’[us axoneme seeds in PMME buffer p|us 2mM GTP
microtubules and required for the maintenance of radial 3t 30 °C in the presence or absence of EB1, EBT-or
microtubule arraysi(). p150n, and incubated at 3C for 40 min to achieve steady
p15C¢ed binds to the EB1-like domain and to the flexible state (confirmed by light scattering at 350 nm). The
C-terminal tail (20 amino acids) of EB1 through its N- concentrations of EB1, EBAC and p150n used in these
terminal CAP-Gly (cytoskeletal associated protein-glycine experiments had negligible effects on the steady-state
rich) domain 20). The N-terminal CAP-Gly domain of  polymer concentration (data not shown). Analysis of dynamic
pl5¢led (called p150n) forms a complex with EB1 of instability at plus ends was carried out at 3D by video-
moderate stability consisting of two molecules of p150n and enhanced differential interference contrast microscopy as
one molecule of EB1 dimer2Q, 21, 23). The CAP-Gly previously described 26). Briefly, the plus ends were
domain itself also binds to microtubules although not very identified and distinguished from minus ends on the basis
efficiently (18). It has also been shown to increase EB1’s of their fast growth rates, the number of microtubules that
ability to induce microtubule assemblyvitro and is thought ~ grew at the ends, and the relative lengths of the microtubules.

to trigger EB1 to an activated conformatic2il). However, The growth rates, shortening rates, and transition frequencies
it is not known how such activation might modulate EB1’s were determined as previously describ2@)(We considered
ability to regulate microtubule dynamics. microtubules to be growing if they increased in lengtb.3

In the present Study we determined the effects of EB1 on #M ata rate>03//tm/m|n Shortening events were identified
dynamic instability at plus ends of purified microtubules at by & >1 um length change at a rate of2 um/min.
steady state in the absence and presence of p150n. We founiflicrotubules that changed0.3 xm/min over a duration of
that EB1 by itself stabilized plus ends by suppressing 4 data points were considered to be in an attenuated state.
shortening dynamics without significantly affecting growth Between 25 and 40 microtubules were analyzed for each
dynamics. Interestingly, the potency of EB1 was increased condition.
3—4-fold when bound to p150n. In addition to its strong EB1, EB1AC and EBX-p150n Binding to Microtubules.
ability to suppress plus end shortening, the E150n For quantitation of full length EB1 or EBAC binding to
complex, in contrast with EB1 alone, increased the length microtubules, tubulin (2:M) and EB1 proteins (3.4M
microtubules grew during growth events and increased the EB1 dimer concentration) or mixture of EB1 and p150n (6.8
rescue frequency. Deletion of EB1’s C-terminal tail (fragment «M as monomers for each) were assembled with glycerol-
denoted EBIAC), which is the major binding site for p150n, stabilized sheared nucleating microtubule seeds in PMME
significantly increased the ability of EB1 to suppress buffer (10% vol/vol) for 40 min at 37°C (27). The
dynamics, making it as efficient as the full length EB1  microtubules were then sedimented through a 30% sucrose
p150n complex. Together with results of experiments show- cushion and the pellets resuspended in PMME buffer and
ing that EB1 and EB*p150n bind to microtubules, the subjected to SDSPAGE followed by Coomassie Blue
results indicate that EB1 by itself suppresses plus end staining. The amounts of full length EB1 or ERIC bound
shortening dynamics by binding along the surface of micro- to microtubules were determined by densitometric analysis
tubules and that p150n activates EB1 to modulate both of the gel bands as described previousty)( The amount
shortening and growth dynamics, possibly by acting in of tubulin in each pellet was determined by subtracting the
addition as a complex directly at the plus ends. amount of EB1 protein present from the total amount of

protein (tubulin and EB1) loaded onto the gel lane.
MATERIALS AND METHODS

: RESULTS
Tubulin, EB1, EBIAC and p150n Constructs and Pro-

teins Cloning of full length human EB1 into a modified pET- EB1 Suppresses Dynamic Instability at Plus Ends of
15b vector (Novagen) has been described previouzdy. Steady-State Microtubules in VitrdVe first wanted to
For the EB1AC fragment (residues-1248), the EB1 cDNA determine how EB1 by itself modulates dynamic instability
was used as a template for PCR amplification. The PCR at plus ends of purified microtubules at steady state,
product was ligated into the same modified pET-15b as the conditions at which the microtubule polymer mass and
full length construct. The cDNA of the p150:¢ CAP-Gly soluble tubulin concentrations remain constant and a direct
domain (p150n, residues +811) was subcloned into pET-  action of EB1 on microtubules independent of any possible
15b at theNdd and BanH]I sites. Proteins were expressed effects due to changes in the soluble tubulin concentration
in bacterial strain BL21 (DE3) and purified on HiTrap?Ni can be determined26). Solutions of purified tubulin (20
Sepharose chelating columns (Amersham Bioscience, U.K.)uM) were polymerized to steady state (3G, 40 min) in

as described?Q, 22). After cleavage of the 6x His-tag at the presence of different concentrations of EB1, and the
4 °C overnight with thrombin, the proteins were subjected dynamics parameters at plus ends of individual microtubules
to gel filtration on a Superdex-75 column (Amersham) were analyzed. As shown in Figure 1A and Table LM
equilibrated in 10 mM Tris, pH 7.5, supplemented with 50 EB1, equivalent to a 1:40 molar ratio of EB1 dimer to tubulin
mM NacCl. The proteins were finally dialyzed against 50 MM (1 uM EB1 monomer= 0.5uM EB1 dimer), reduced the
Pipes buffer, pH 6.8. Highly purified bovine brain tubulin  shortening rate by~35% from 27.6+ 4.3 to 18.14+ 3.6um

was prepared as described previou@y)( Protein concen-  per min and the length shortened $80% from 7.2+ 0.5
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= 40 0 in an attenuated state, neither growing nor shortening
E A £ detectably, and a decrease of the overall dynamicity (Table
5. T 18 :_C: 1).
g 16 g p150n Increases EB1’s Ability To Suppress Shortening
o > Dynamics and Modifies Its Ability To Regulate Growth
;’ 14 E Dynamics.One of the binding partners believed to act
e % together with EB1 at microtubule plus ends is p3'59(28).
% 412 & There are two identical binding sites for the CAP-Gly domain
- o of p15@ed (p150n) per EBL dimerky, ~2 uM) (20, 23).
=~ 0 Thus, we wanted to determine whether p150n modulates the
’7; 0.35 B 5 = effects of EB1 on dynamic instability. We first analyzed the
€ i £ effects of the p150n monomer itself. In contrast to EB1 alone,
> 14 E molar ratios of p150n to tubulin of 1:30 and 1:10 did not
§ 0.20 § appreciably change the rate or extent of shortening or the
g * 4 1% 3 catastrophe frequency (Table 2). However, in contrast with
'S i 15 £ EB1, p150n significantly increased the length the microtu-
‘é 0.10 - 3 bules grew during growth events although it did so only at
7 4, 8 high concentrations. Specifically, a molar ratio of p150n:
5 B * tubulin of 1:10 increased the growth lengtii.5-fold. Also
% 0 a unlike EB1, p150n significantly increased the rescue fre-
- 0 05 1 2 0 05 1 2 guency (a 1:10 molar ratio of p150n monomer:tubulin
[EB1] uM increased the rescue frequency ®¥0%) (Tables 1, 2).

Ficure 1. Effects of EB1 alone on plus end dynamic instability Consistent with its effects on these parameters at high
parameters at steady statesitro. A. Effects on the shortening  concentrations, p150n significantly increased the fraction of
rate (solid bars) and the length shortened during individual time the microtubules grew.

shortening events (unshaded bars). B. Effect of EB1 alone on the i . .
catastrophe frequency (solid bars) and the rescue frequency In order to determine how p150n might affect the ability
(unshaded bars). Error bars for the shortening rate and theof EB1 to modulate dynamics, tubulin was polymerized to

catastrophe and rescue frequencies are SD. The error bars on thgteady state in the presence of various concentrations of
shortgcr)lm'\% lengths are SEM. (B = 0.001. Tubulin concentration EB1—p150n mixtures that were prepared by incubating
was SSul. solutions of the two proteins for 20 min at room temperature
to 5.0+ 0.3 um. At a 1:20 molar ratio of EB1 dimer to  in PMME buffer at a ratio of 2 mol of p150n monomer to 1

tubulin in the system, the rate and extent of shortening were Mol of EB1 dimer. As shown in Figure 2A and Table 3, the
further reduced-¢70% and~40%, respectively). No further ~EB1-p150n mixture suppressed the rate and extent of
reduction occurred by increasing the EB1 dimer to tubulin Shortening significantly more strongly than EB1 alone. The
ratio to 1:10. EB1 moderately reduced the catastrophe Mixture of 0.17«M EB1 dimer and 0.34M p150n (only a
frequency (the frequency of switching from growth to 1:120 rfamo of EB1 dimers to tubulin) reducgd l_::oth .the
shortening) (Figure 1B, Table 1). The catastrophe frequencyshorten!ng rate and the length shprtened durln_g individual
was reduced by 30% at an EB1 dimer to tubulin ratio of Shortening events by30%. A maximal suppression of the
1:40 and was reduced maximally by 40% at a ratio of 1:20. rate (~60%) and extent{50%) of shortening occurred at a
EB1 did not significantly affect the rescue frequency (Figure ~1:80 molar ratio of EB+p150n to tubulin. This same
1B, Table 1). Surprisingly, EB1 alone did not exert any Suppression of shortening by EB1 alone requiretifold
significant effect on the growth rate or the length the higher concentration of EB1 (compare Tables 1 and 3).
microtubules grew during a growth event (Table 1). The  While p150n by itself did not appreciably reduce the
combined effects on the individual parameters resulted in catastrophe frequency (Table 2), EBA150n strongly sup-
an increase in the fraction of time the microtubules remained pressed this parameter (Figure 2B, Table 3) and did-st-3

Table 1: Effects of EB1 on Dynamic Instability at Microtubule Plus Ends

EB:tubulin
control (0) 1:40 1:20 1:10

growth rate gm/min) 1.34+ 0.3 (41) 1.4+ 0.6 (44) 1.4+ 0.6 (38) 1.52+ 0.4 (40)
growth length gm) 2.2+0.3 2.0+ 0.2 1.9+ 0.2 2.7+ 0.3
shortening rate(m/min) 27.6+ 4.3 (33) 18.1+ 3.6 (35) 10.44+ 3.3*(33) 12.8+ 3.1*(32)
shortening lengthi(m) 7.2+0.5 5.0+ 0.3 3.9+ 0.2 4.4+ 0.2
catastrophe frequency (events/min) 0+£28.06 (33) 0.16£ 0.04 (35) 0.14+ 0.03* (33) 0.13£ 0.03* (32)
rescue frequency (events/min) 180.8 (26) 2.5+ 0.9 (30) 2.3+ 0.5 (25) 2.4+ 0.7 (27)
percentage of time

growing 58.6 51.6 42.6 46.4

shortening 5.6 4.4 4.3 4.4

attenuated 35.8 44.0 58.1 49.2
dynamicity ¢zm/min) 2.35 1.5 1.0 1.2

a[Tubulin] = 20 uM. [EB1] refers to the dimer. Data are meanSD. *P = 0.001 except for growing and shortening lengths, which are mean
+ SEM. Values in the parentheses are the number of events.
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Table 2: Effect of p150n on Dynamic Instability at Microtubule Plus Bnds

p150n:tubulin

control (0) 1:30 1:10

growth rate gm/min) 1.344+ 0.3 (41) 1.45+ 0.6 (13) 1.6+ 0.6 (45)
growth length gm) 2.24+0.3 2.8+0.8 3.9+ 0.5*
shortening ratexm/min) 27.6+ 4.3 (33) 29.4+ 7.4 (11) 24.9+- 4.9 (38)
shortening lengthum) 7.2+ 05 7.4+ 0.8 6.4+ 0.3
catastrophe frequency (events/min) 028.06 (33) 0.26+ 0.05 (11) 0.2+ 0.05 (38)
rescue frequency (events/min) 130.8 (26) 2.3:0.9(11) 3.0+ 0.7** (37)
percentage of time

growing 58.6 64.8 74.8

shortening 5.6 5.6 5.0

attenuated 35.8 29.6 20.2
dynamicity ¢zm/min) 2.35 25 2.3

a[Tubulin] = 20 uM, * P = 0.001. ** P = 0.01. Data are meatt SD, except for growing and shortening lengths, which are me8EM.
Values in the parentheses are the number of events. Control data are the same as those shown in Table 1, reproduced here for the convenience of
the reader.
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Ficure 2: Effects of the EB+p150n mixture on plus end dynamic
instability parameters at steady state. A. Effects on the shortening i " (solid bars) and the length shortened during individual
rate (solid bars) and the length shortened during individual shortening events (unshaded bars). B. Effect of B&lon the
shortening events (unshaded bars). B. Effect on the catastroph€ ,iasrophe frequency (solid bars) and the rescue frequency
frequency (solid bars) and the rescue frequency (unshaded bars).,,shaded bars) at plus ends. Error bars for the shortening rate and
Error bars for the shortening rate and the catastrophe and rescugy,o catastrophe and rescue frequencies are SD. The error bars for

frequencies are SD. The error bars for the shortening lengths ar : — ;
SEM. (¥) P = 0.0001. Tubulin concentration was 201. e&i;ﬂ?&ﬁgw%\ﬁ;gnﬂﬁ are SEM. ( 0.0001. Tubulin

Ficure 3: Effect of EBLIAC on plus end dynamic instability
parameters at steady state. A. Effect of EBC-on the shortening

fold more strongly than EB1 itself. For example, only a 1:120 ) o

molar ratio of EB1-p150n to tubulin decreased the catas- Only a 1: 80 molar ratio of EB}p150n:tubulin increased

trophe frequency by 30%’ and a 1:40 molar ratio of EB1 the gl‘OWth |ength'\‘18‘f0|d (Table 3)A similar Inpl’ease

p150n:tubulin reduced this parameter ¥$0% (Table 3). N this parameter by p150n itself required-a-fold higher

A similar extent in reduction of this parameter by EB1 itself concentration of p150n (Table 2).

required 3-4-fold higher concentration of EB1 (compare The C-Terminal Tail of EB1 Negatly Regulates the

Figures 1B and 2B). In contrast to the lack of effect of EB1 Ability of EB1 To Suppress Shortening DynamBscause

by itself on the rescue frequency, EBf150n significantly the C-terminal 20 amino acids of EB1 are a crucial region

increased the rescue frequency (Figure 2B, Table 3). Forfor p150n binding 20, 21, 23), we wanted to determine if

example, only 0.2xM EB1—p150n, corresponding to a 1:80 the region might regulate the ability of EB1 to suppress

molar ratio of EB1-p150n to tubulin, increased the rescue shortening dynamics. Based on circular dichroism and X-ray

frequency by~1.7-fold. A similar extent of increase of the crystallographic analyses it was found that this C-terminal

rescue frequency by p150n itself required-fold higher EB1 segment was disordered in soluti@2) The plus end

concentration of p150n (compare Tables 2 and 3). dynamic instability parameters in the absence and presence
In addition, EBX-p150n increased the length the micro- of C-terminally truncated EB1 alone (EBAE) are shown

tubules grew significantly more strongly than p150n by itself. in Table 4. EB1AC suppressed the rate and extent of
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Table 3: Effect of EB+p150n Complex on Dynamic Instability at Microtubule Plus Ends

EB1—p150n:tubulin

control (0) 1:120 1:80 1:40

growth rate gm/min) 1.344+ 0.3 (41) 1.5+ 0.6 (49) 1.5+ 0.7 (46) 1.6+ 0.7 (42)
growth length gm) 2.24+0.3 3.4+ 0.3 3.8+40.3 4.6+ 0.6*
shortening ratexm/min) 27.6+ 4.3 (33) 19.0+ 4.8 (37) 12.3+ 3.3*(34) 13.74+ 4.8* (33)
shortening lengthum) 7.2+ 05 4.9+ 0.3 3.8+0.3 3.8+ 15
catastrophe frequency (events/min) 028.06 (33) 0.17 0.03 (37) 0.1H 0.03* (34) 0.09+ 0.02* (33)
rescue frequency (events/min) 1:80.8 (26) 2.9+ 0.6 (34) 2.9+ 0.7 (31) 3.5+ 0.8 (32)
percentage of time

growing 58.6 62.7 66.6 70.0

shortening 5.6 4.3 35 2.6

attenuated 35.8 33 29.9 274
dynamicity ¢zm/min) 2.35 1.6 1.3 1.3

a[Tubulin] = 20 uM, * P = 0.001. Data are meaha SD except for growing and shortening lengths, which are me&EM. The values in the

parentheses are the number of events. Control data are the same as those shown in Table 1, reproduced here for the convenience of the reader.

Table 4: Effect of EBIAC on Dynamic Instability at Microtubule Plus Erids

EB1-AC:tubulin

control (0) 1:200 1:120 1:80 1:40

growth rate gm/min) 1.34+ 0.3 (41) 1.5+ 0.7 (48) 1.45+ 0.6 (43) 1.5+ 0.5(36) 1.5+ 0.6 (46)
growth length gm) 2.2+0.3 2.6+0.4 2.7+£0.2 3.0+0.3 2.9+ 0.3
shortening ratexm/min) 27.6+ 4.3 (33) 22.3+ 5.4 (34) 18.0+ 4.2 (37) 11.5+ 3.7* (32) 12.34 2.4* (37)
shortening lengthu(m) 7.2+ 0.5 5.4+ 0.3 4.6+ 0.2 3.6+0.3 3.7+ 0.3
catastrophe frequency (events/min) 028.06 (33) 0.22+ 0.06 (34) 0.15t£ 0.03 (37) 0.08t 0.02* (32) 0.10+ 0.03* (37)
rescue frequency (events/min) H80.8 (26) 2.8+ 0.9 (30) 2.7+ 0.7 (32) 2.5+ 0.7 (29) 3.3+ 1.0(35)
percentage of time

growing 58.6 58.1 51.6 43.4 52.7

shortening 5.6 5.2 4.6 2.6 3.0

attenuated 35.8 36.6 44.8 54.0 45.3
dynamicity ¢zm/min) 2.35 1.9 1.3 0.9 1.0

a[Tubulin] = 20 uM. Data are meast: SD. * P = 0.001, except for growing and shortening lengths which are me8&EM. The values in the
parentheses are the number of events. Control data are the same as those shown in Table 1, reproduced here for the convenience of the reader.

shortening as efficiently as the mixture of full length EB1 multiple concentrations and a Scatchard analysis, the sto-
and p150n (Table 4, Figure 3A). Only 0.LM EB1-AC ichiometries obtained do provide an indication of the extent
dimers, which corresponds to a 1:120 molar ratio of EB1- to which the proteins bind to the microtubules at these
AC to tubulin, decreased the shortening rate and lengthrelatively high EB1 concentrations. An appreciable amount
shortened by 35% and 40%, respectively (Figure 3B). It also of EB1 became bound to the microtubules as shown in Figure

significantly reduced the catastrophe frequency (Figure 3B).

A concentration of 0.2%M EB1-AC, corresponding to a
still low EB1-AC to tubulin molar ratio of 1:80, was

4A, lane 1, 3. Quantitation by SBFAGE and densitometry
(27) revealed that 1 mol of full length EB1 dimer bound per
~12.6 £ 1.1 mol of tubulin dimers in the microtubules,

sufficient to suppress the shortening rate and extent by 60%similar to the stoichiometry reported inl4). In three
and 50%, respectively, and the catastrophe frequency byindependent experiments, M, 0.9 uM, and 0.9«M EB1

~70%. Similar to EB+p150n, EB1AC also increased the

dimer were bound to 14.gM, 11.5 uM, and 10.0uM

growing length and the rescue frequency but did so to a lessertubulin, respectively, in the microtubules. The same con-

extent than EB*tp150n (Tables 3 and 4). Thus, similar to
the effects of EB+p150n, deletion of the C-terminus of EB1
significantly increases its ability to suppress plus end
dynamics.

Binding of EB1, EBIAC, and EB%*-p150n to Microtu-
bules.The relatively powerful abilities of EBIXC and of
the mixture of full length EB1 and p150n to suppress plus
end dynamics as compared with full length EB1 alone
indicate that the C-terminus of EB1 might control its ability
to bind to microtubules. To test this possibility, we deter-
mined the amounts of EBAC, EB1-p150n, and full length
EB1 that became bound to the microtubules at a3
concentration of each protein (1:6 molar ratio of EB1 to
tubulin) after copolymerizing tubulin and the proteins and

centration of EBIAC bound to the microtubules atdouble
the stoichiometry of EB1 dimer. Specifically, 1 mol of EB1-
AC dimer bound~6 4+ 0.9 mol of tubulin in the microtubules
(Figure 4A, lane 3). In three independent experiments, 2.7
uM, 1.8uM, and 2.7uM EB1-AC dimer were bound to 15.6
uM, 14.3 uM, and 16.6 uM tubulin, respectively, in
microtubules. Like EBIAC, full length EB1 when added
together with p150n also bound to the microtubules with
~double the stoichiometry of full length EB1 alone. With
the EBL-p150n mixture, 1 mol of EB1 became bound per
~6.6+ 0.3 mol of tubulin dimers in the microtubules (Figure
4B, lane 2). In three independent experiments, A4 1.3
uM, and 2.1uM EB1 dimer were bound to 16.6M, 8.6
uM, and 13.4uM tubulin, respectively, in microtubules.

sedimenting the microtubules through sucrose cushions toThus, the binding of C-terminal-truncated EB1 or of EB1

remove any unbound protei7%). While such an approach
with single concentrations of EBAC, EB1—p150n, and full

p150n to microtubules is significantly stronger than that of
full length EB1 by itself. In addition, the presence of the

length EB1 are not as complete as they would be by use of C-terminus reduces the binding of EB1 to microtubules and
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A 1 2 3 4 B 1 2 One mole of EB1 bound te~10—12 mol of tubulin in
microtubules stabilized by paclitaxel with a moderately
strongKp of ~0.5uM (14). Along the same lines, Sandblad
et al. B0) have also studied the binding to microtubuies
.” -—"" “* Tubulin » - -' vitro of Mal3p, the fission yeast homologue of human EB1,
- — and have shown by cryo-electron microscopy that it binds
to microtubules along the seam in the microtubule lattice.
«—EB1~—y In the present work we found that when copolymerized
< EB1-AC by itself with microtubules at a relatively high concentration
of EB1 (3.4uM) and an EB1 dimer to total tubulin ratio of
¥ 1: 6 (20uM tubulin), 1 mol of EB1 dimer bound per12
= p150n> mol of tubulin dimer in the microtubules (Figure 4). This
: s —_— stoichiometry of EB1 binding to microtubules is reasonably
Ficure 4 A. Binding of EB1 and EBIAC to microtubules. EB1  close to the values reported by Tirnauer et 4)(and

gﬁédfrﬁ:\é?o(t){jEu?ésﬂvv%:I(\alearr?aclz)(l)zpe%lytggerized(\gViEﬂ:ifztglr\ACéunt:ﬁl!Lnggan Sandblad et al.30), and further demonstrates that EB1 can
through 30% sucrose cushion (Materials and Methods). Lane 1, bind a'°”9 the mlcrotubglellattlce. T_he1:12 m0|a.r ratio
pellet of EB1 bound microtubules; lane 2, supernatant of unpoly- Of EB1 binding to tubulin in the microtubules (i.ex1

merized tubulin and EB1; lane 3, pellet of ERIC bound molecule of EB1 per 13 molecules of tubulin) is in agreement
microtubules; lane 4, supernatant of unpolymerized tubulin and with the studies of Sandblad et aR(), demonstrating that
I(E??i ptAl\(/I:) E} I?élg(iTglo;OEnB(135.12/?MIE)BV1V&165(C)2Ft)glr;quchr)it;gg l\?vsifhEng EBl_binds along the seam of th_e microtubule lattice. Notably,
M tubulin, and the microtubules were sedimented through 30% €latively small amounts of microtubule-bound EB1 were
sucrose cushions and analyzed as in A. Lane 1, pellet of EB1 boundsufficient to reduce the rate and extent of shortening.
microtubules; lane 2, pellet of EBIp150n bound microtubules.  Specifically, 30% suppression of shortening occurred at a
The gel images shown in A and B represent one of three ratio of 1 mol of EB1 dimer per 40 mol of total tubulin in
independent experiments. the system. Thus a microtubule @m in length and
consisting 0of~18,900 molecules of tubulin would have no
more than 460 molecules of EB1 dimer bound to it, or 1
molecule of EB1 per-40 molecules of tubulin. While we
cannot exclude the possibility that the effects of EB1 on
DISCUSSION sh_ortening dynamicén vitro are due to its_ binding to
microtubule tips, the data are most consistent with the
We have analyzed the effects of EB1 and p150n, the possibility that these effects are due to its binding along the
N-terminal CAP-Gly domain of itstTIP binding partner length of the microtubules. Such a mechanism is similar to
p150°ued hoth individually and together as a complex, on the mechanism of action of the antimitotic drug paclitaxel
dynamic instability at plus ends of microtubules at steady which, like EB1, does not bind to soluble tubulin but binds
statein vitro. EB1 by itself suppressed plus end dynamics to purified microtubules along their length31j. Very little
predominantly by strongly reducing the rate and moderately microtubule bound paclitaxel is sufficient to cause strong
reducing the extent of shortening and moderately suppressingsuppression of dynamics. Specifically;1 molecule of
the catastrophe frequency (Table 1, Figure 1A, B). By itself, paclitaxel bound per every 16@00 molecules of tubulin
p150n had little effect on these parameters at a concentratioralong the microtubule wall suppresses the rate and extent of
as high as 2uM (a ratio of p150n to tubulin of 1:10).  shortening by 50%31). Consistent with the hypothesis that
However, when added together with p150n, the potency of EB1 alone reduces shortening dynamics by binding along
EB1 to suppress shortening dynamics increased-ild microtubule surfaces, EB1 by itself reduced the catastrophe
(Table 3, Figure 2A, B). In contrast, the EBp150n frequency only minimally and, like paclitaxel, did not exert
complex significantly increases the plus end growth length any effects on the rate and extent of growth. Most drugs
and the rescue frequency. Specifically, only a 1:80 molar that act at the microtubule ends such asVieca alkaloids
ratio of EB1-p150n to tubulin increased the growth length reduce the rate and extent of growB82). Thus we suggest
~1.8-fold and the rescue frequeneyl.7-fold. After deleting that one function of EB1 by itself in cells may be to suppress
the C-terminal 20 amino acid residues of EB1, which is a the rate and extent of microtubule shortening by binding
crucial region for p150n binding2Q, 21), EB1 was as  along the lengths of microtubules.
effective at suppressing the rate and extent of shortening and Role of the C-Terminal Tail in Controlling EB4 Activity.
the catastrophe frequency as was the full length EBI50n Deletion of the C-terminus of EB1 increased its ability to
mixture. This indicates that in the absence of other binding suppress the rate and extent of shorteningfold (Table
partners, the flexible C-terminal tail of EB1 weakens the 4). However, unlike full length EB1 by itself, EBAC at a
ability of EB1 to suppress shortening dynamics. ratio as low as 1 mol of EBIC to 80 mol of tubulin exerted
How Might EB1 by ltself Suppress Plus End Shortening additional actions by significantly reducing the plus end
without Affecting GrowthPrevious work {4, 29) and our catastrophe frequency, increasing the rescue frequency, and
own unpublished data have shown that EB1 does not bindincreasing the growth length (Table 4). We suggest that these
to soluble tubulin. It has been shown previouslyd@nopus additional effects of EBIAC might best be explained by its
extracts that EB1 binds both to the tips of microtubules and stronger binding to microtubules than full length EB1.
to the walls (4). When studied with purified microtubules, Further, it is reasonable to think that the effects of EBI-
EB1 clearly binds to microtubules along their lengtthd)( on the catastrophe and rescue frequencies are brought about

a significantly higher amount of EB1 is recruited to micro-
tubules when the C-terminus is deleted or when EBL1 is
complexed with p150n.
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by the action of EBIAC directly at the tips. Thus, in contrast 2.
to the mechanism of action of full length EB1, ERIC at

low concentrations may modulate dynamics directly at 5
microtubule tips.

EB1 forms a moderately stable complex with p%5d
by binding to its C-terminal tail 20, 23). However, the
functional significance of the binding is not well understood.
Data obtained in migrating fibroblasts have shown that EB1
and p15G'ed colocalize at plus ends of microtubulek?).

It has also been reported that EBL1 is required for localization
of p150°ed at growing plus ends3@). It is possible that in
cells an interaction between EB1 and p%5d is required

for their regulation of microtubule plus end dynamics. 6.
Consistent with this hypothesis, when EB1 was added
together with p150n in the present study;4fold lower 7
ratios of EB1-p150n to tubulin than EB1 itself were able

to suppress the rate and extent of shortening. While p150n 8.
itself can increase the growth length and rescue frequency
at plus ends, the two proteins together significantly increased
these parameters at much lower concentrations than p150n
alone. Also, low concentrations of EBb150n reduced the 10.
catastrophe frequency, an effect that might be expected to 11
be due to a direct action at the microtubule ends.

In the presence of a relatively high molar ratio of EB1
p150n to tubulin, we found that EB1 bound to purified 12
microtubules with higher molar stoichiometry than when EB1
was present by itself. At a 1:6 molar ratio of EBA150n to 13
tubulin, there was~1 mol of EB1 bound to~6.6 mol of
tubulin in the microtubules, which is double the stoichiometry 14
of EB1 binding by itself (Figure 4). This finding suggests
that p150n activated the autoinhibited state of EB1 by
effectively removing the tail that prevents the most efficient  15.
binding thus enabling EB1 to bind to more tubulin subunits
in the microtubule lattice than when EB1 is present by itself.
Removal of the autoinhibitory C-terminal region or its
binding with p150n significantly increased the efficiency of
EB1 to decrease the catastrophe frequency and increase thel’-
rescue frequency. Our results demonstrating that the com-
bination of EB1 and p150n possesses anticatastrophe activity
also complement those of Tirnauer et dld) in Xenopus 18.
extracts which showed that added EB1 exerted anticatastro-
phe activity. The results also indicate that the anticatastrophe
activity of EB1 in the extracts observed by Tirnauer et al. 19.
(14) was likely due to its action in combination with other
binding partners.

In conclusion, our results strongly support the hypothesis g
that EB1 by itself possesses autoinhibitory activity that is
regulated by its flexible C-terminal tail, and that by binding
to the C-terminus, p15®dabolishes the autoinhibitio2).
Our results also suggest that in cells EB1 and S50

16.

21.

which colocalize at microtubule tips and presumably are both 22.
components of a dynamig-TIP protein network, might
function together to regulate plus end dynamics differently 23
than the way each protein functions on its own. '
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