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ABSTRACT. Although microtubule (MT) dynamic instability is thought to depend on the guanine nucleotide
(GTP vs GDP) bound to thg-tubulin of the terminal subunit(s), the MT minus end exhibits dynamic
instability even though the termingtubulin is always crowned by GTFRa-tubulin. As an approach
toward understanding how dynamic instability occurs at the minus end, we investigated the effects of
N-ethylmaleimide-modified tubulin (NTb) on elongation and rapid shortening of individual MTs. NTb
preferentially inhibits minus end assembly when combined with unmodified tubulin (PCTb), but the
mechanism of inhibition is unknown. Here, video-enhanced differential interference contrast microscopy
was used to observe the effects of NTb on MTs assembled from PCTb onto axoneme fragments. MTs
were exposed to mixtures of PCTh (2M) and NTb (labeled o1 Cys per monomer) in which the
NTb/PCTb ratio varied from 0.025 to 1. The NTb/PCTb mixture had a slight inhibitory effect on the plus
end elongation rate, but significantly inhibited or completely arrested minus end elongation. For the majority
of mixtures that were assayed (6.1 NTb/PCTb ratio), minus end MT length remained constant until

the NTb/PCTb mixture was replaced. Replacement with PCTb allowed elongation to proceed, whereas
replacement with buffer or NTb caused minus ends to shorten. Taken together, the results indicate that
NTb associates with both plus and minus ends and that NTb acts to reversibly cap minus ends only when
PCTb is also present. Low-resolution mapping of labeled Cys residues, along with previous experiments
with other Cys-reactive compounds, suggests that modificatigf-tabulin Cy$3® may be associated

with the capping action of NTh.

Microtubules (MTs) are cytoskeletal polymers composed Dynamic instability is crucial for the cellular function of MTs
of heterodimers oft- andg-tubulin. Tubulin dimers assemble  (reviewed in refs6 and 7), and although proteins such as
head-to-tail to form the protofilaments that comprise the wall microtubule-associated proteins (MAPs) may modify dy-
of the hollow MT cylinder. Due to this head-to-tail assembly namic instability in vivo 7), the mechanism responsible for
of asymmetrical tubulin subunits, MTs have an intrinsic dynamic instability is intrinsic to the MT. Dynamic instability
polarity in which one end is “crowned” with-tubulin and is thought to depend on the presence or absence of a “GTP
the other with -tubulin. This polarity has long been cap” at the MT end (reviewed in ref). Each tubulin
recognized in that one end of a MT (the plus end) elongatesmonomer binds GTP; the GTP boundaeubulin is neither
2—3 times faster than the other (the minus end), and moreexchanged nor hydrolyzed, whereas the GTP bound to
recent evidence indicates that the plus end is crowned byg-tubulin is both exchangeable (for unassembled tubulin and
B-tubulin and that the minus end is crowned dstubulin perhaps the terminal subunit of the MT) and subject to
1, 2). hydrolysis (after tubulin assembly). During the elongation

MT assembly in vivo and in vitro occurs by the mechanism phase, GTP-tubulin subunits associate with the elongating
of dynamic instability, in which each MT end alternates end and a GTPtubulin cap at the MT end stabilizes the
between phases of elongation and rapid shorteraeb). MT. Loss of this GTP cap, through a mechanism that is not
Phase transitions are abrupt, stochastic, and infrequent; theyet clear, exposes GDRubulin subunits at the MT end
transition from elongation to rapid shortening is termed Which results in a catastrophe and the MT begins rapid
catastrophe, whereas the reverse is termed resBue ( shortening. Recapping of a shortening end by binding of

GTP—tubulin subunits to the terminal GBRubulin subunits
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||/ | \/ \/ / effect of NTb on rapid shortening, MTs exposed to NTb/
| o Tubulin | I PCTb mixtures were diluted with buffer to induce catastro-
ry phe. In addition, low-resolution peptide mapping was
performed to distinguish betweghCys3® and 5-Cys®™* as
0 2 ial sites of NEM modification
12 127 1260 \211 / 203 354 potential si .
I : \/ I - II I MATERIALS AND METHODS
| | B Tubulin | |
A A Tubulin and Axoneme PreparatioRCTb was prepared

FiGURE 1: Schematic of- andg-tubulin sequences. The positions ~ as described previousl$), The pellet produced from sodium
of the 20 Cys residues in porcine tubulin are shown. There are 12 glutamate-induced assembly was resuspended in PM buffer
8ys resi_gues in tt?]e ii%-amino ad% sequena&%ﬂulin ezgg %J)ht [100 mM Pipes, 2 mM EGTA, 1 mM MgSQand 1 mM

s residues in the 445-amino acid sequen ulin (39, 40). ; P
Al)go depicted are the locations of forrqnic acid cleavage sites for GTP (pH 6‘9)!’ then quick-frozen in liquid p[trogen, and
each protein (dashed lines indicated by arrowheads). stored at—70 °C. PCTb used for NEM modification was
depleted of DTT by passage over a PD-10 column (Phar-
macia) equilibrated with PM buffer and 1 mM GTP. These
samples were also quick-frozen and storeg @ °C. DTT-
depleted tubulin elongated at the same rate as PCTb [5.83

4+ 0.26um/min (n = 16) vs 5.53+ 0.10um/min (h = 10)

of dynamic instability, conditions or reagents that affect
dynamics at the two ends differently may serve as useful
probes for elucidating the mechanism of dynamic instability.
One such reagent N-ethylmaleimide (NEM). NEM reacts
almost exclusively _with Cys residues, and mod_ification. of at 25uM, P > 0.05].
1-2 Cys per tubulin monomer [for porcine brain tubulin, _
there are 12n-tubulin and 8p-tubulin Cys residues (see Flagellar axoneme fragmen.ts were p_repared ftgechi-
Figure 1)] is sufficient to inhibit MT self-assemblg-10). nus p'Ct“%‘”‘?'_US‘?d as descrlbed_ prt_awouﬁy.( i
However, if NEM-modified tubulin (NTb) is combined with NEM Modification and Quantitation of Reacéi Cys
phosphocellulose-purified, unmodified tubulin (PCTb) at ResiduesNEM stock solutions (%) were prepared fresh in
certain ratios (typically 0.331 NTb/PCTb), plus end as- PM buffer. DTT-free tubulin (25M final concentration)
sembly continues at near normal rates while minus end Was modified for up to 30 min on ice with 0.025, 0.05, 0.1,
assembly is significantly inhibited.{, 12). NTb is routinely 1, or 5 mM NEM, yielding molar ratios of 1/1, 2/1, 4/1,
used in MT motor research to create MT complexes in which 40/1, and 200/1, respectively. Control samples were prepared
the two ends of the complex can be clearly distinguished by addl_tl_on of PM buffer alone. All reacpons were qqenched
and the polarity of motor movement subsequently determined by addition of 50 mM DTT, and the mixtures remained on
(13). Despite a significant amount of work on tubulin Cys ic€ for 10-15 min until they were used. Control samples
residue modification ¥4), the mechanism by which NEM  (DTT-depleted PCTb placed on ice for 30 min and the
inhibits MT minus end assembly remains unknown. Experi- reaction quen_ched with DTT) elongated at the same rate [5.72
ments with other Cys-reactive compounds [e.g., iodoaceta-+ 0-34um/min (0 = 10)] as DTT-depleted PCTb or PCTb
mide andN,N'-ethylenebis(iodoacetamide) (EBI)] also showed (S€e above).
that modification of +2 Cys residues per monomer inhibits ~ For quantitation of NEM-reactive Cys residues, tubulin
MT self-assembly & 15—17), but it is not known if this ~ was treated with 0.025, 0.05, 0.1, 0.5, 1, and 5 niM]{
modification also preferentially inhibits minus end assembly. NEM (either 2.6x 10 or 3.4 x 10*3 cpm/mol) on ice. For
Further, work with some of these compounds indicates that €ach NEM concentration, samples were taken at 5, 10, 15,
modification of 3-Cys**is associated with inhibition of self- ~and 30 min and the modification reactions were quenched
assembly (see reff4 for a review). There is some evidence by addition of DTT (100 mM final concentration). Reaction
that NEM reacts with3-Cys3® (18), but at least one other ~ mixtures were separated by SBBAGE using 95% pure
maleimide derivative reacts witB-Cys®5* (19). SDS (Sigma catalog no. L-5750) to facilitate resolution of
Previous work with NTb either (a) correlated inhibition a- and S-tubulin. After being stained with Coomassie
of MT self-assembly with the number of NEM-reactive Cys Brilliant Blue, tubulin bands were excised from the gel and
residues§—10) or (b) entailed viewing individual MT plus  solubilized with 1 mL of 30% HO, for 24 h at 60°C. Each
and minus ends without knowledge of the extent of modi- dissolved gel slice was then mixed with 9 mL of scintillation
fication (11, 12). Further, much of the research with NEM fluid and counted.
(and other Cys-reactive compounds) either predates the Obsewation of MT DynamicsMT assembly was observed
discovery of dynamic instability or did not include an assay in perfusion chambers constructed from an acid-washed 22
for NTb effects on dynamic instability. To address the effect mnm? #0 glass coverslip, two pieces of double-sided tape,
of NTb on dynamic instability, we begin here by determining and a glass slide. The tape was placed on the slide to create
the effects of a defined NTb preparatior Cys labeled a channel; the coverslip was placed on top and pressed onto
on eacho-tubulin and eachs-tubulin monomer) on MT  the tape to give a chamber volume of approximatelyl6
elongation and rapid shortening. MTs were assembled from Sea urchin axoneme fragments were used as seeds to nucleate
PCTb (25uM) onto axoneme fragments in a perfusion MT assembly §). Washed axonemes were introduced into
chamber, which allowed solution replacement while indi- the chamber, and after 3 min, the chamber was washed with
vidual plus and minus end MTs were observed in real time. PM buffer to remove axonemes that had not adhered to the
The initial PCTb solution was replaced by mixtures of PCTb chamber surfaces. Tubulin solutions were prepared im-
(25 uM) and NTb (0.625-25 uM) in which the fraction of mediately prior to use and were diluted to the desired final
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concentrations with PM buffer. All tubulin solutions con- ---@---0.025 --¢--0.05 --=-0.1
tained 1 mM GTP. MT assembly was initiated by perfusion —a— 1.0 —w— 5.0
of PCTb into the chamber, and MTs were identified as plus 3 -(-_I:b-)- T r r

o

or minus ended on the basis of the rate of elongation at the

two ends of an axoneme. The same chamber was used several
(four to five) times with no change in the rate of elongation
(data not shown).

Microscopy was performed in a room held at-224 °C.
Samples were observed by differential interference contrast
(DIC) microscopy, using a Nikon SA microscope equipped
with a Plan 6</1.4 NA objective lens, DIC prisms, a 1.4
NA condenser and, a 100 W Hg lamp/fiber optic illumination
system. A DAGE VE-1000 newvicon camera provided video
imaging and analogue contrast enhancement, and an Argus
10 processor (Hamamatsu) provided digital contrast enhance-
ment, real-time background subtraction, and frame averaging.
Images were recorded on S-VHS videotape, and MT elonga-
tion and rapid shortening rates were determined from
videotape recordings as previously describgd (

Mol NEM / Mol Tubulin Monomer
w

Mapping of Reactie Cys ResidueJ.ubulin (40ug) was osf/ -
treated with 1 mM biotir-NEM for 10 min on ice to label 0 - ,——:{__"_}:_,__-_
an average of 1 Cys on both andg-tubulin. Samples were 0 5 10 15 20 25 30 35
separated by SDSPAGE and stained with ChromoPhor dye Time (min)

(Promega), ando- and f-tubulin bands were excised
separately from the gel. Protein was eluted from gel slices E'%’;&iﬁi T%gﬁﬁﬂtggr&ﬂoéyfgﬂér?gtfgjjvteuglﬁn)feﬁ;iuﬁgg gr\]/sith
according to the ChromoPhor protocol, concentrated with a 556 05" 1, 1.0, and 5.0 ml@II-)i]NEM on ice for the indicated
Centricon-30 device, and preC|p|tated_W|th a mixture of imes. Samples were subjected to SEBAGE; - and S-tubulin
chloroform and methanol2(Q). The dried pellets were bands were excised from the gel and solubilized witD4l and
suspended in 2Q:L of 88% formic acid (Fisher) and the amount of radioactivity was counted. Each data point represents
incubated for 24 h at 37C. Samples were then diluted with tmh&’gi%“é)g Vi'nx %ﬁpgﬁi’gfh”éfs- Slﬁmegasr S '332‘: ;Jhpef?ii‘noél(’: 011‘1 ri_gdi S5
480 ul of mQ water, concentrated (Microcon-3 or -10 .y oieq (dotted line, 0.025; short-dashed line, 0.05; medium-
device), and neutralized by the addition of 2 volumes of 1 gashed line, 0.1; long-dashed line, 1.0; and solid line, 5.0).

M Tris. Samples were separated by tricine-PAGE, and either ,

stained with Coomassie Brilliant Blue or transferred to ©F Prevented (0.5and 1 mM NEM) minus end assembly onto
nitrocellulose membrane and probed with an anti-biotin @x0neme fragments when combined with 28 PCTb to

antibody (Clone BN-34, Sigma) followed by an HRP- produce a 0.5 NT/PCTb mixture (data not shown).

conjugated secondary antibody (Pierce). Immunoblots were _Efféct of NTb on Assembled MT Ends. determine how
developed using ECL (Pierce). NTb affected the dynamics of existing MTs, we used video-

enhanced differential interference contrast light microscopy
to observe individual MTs. For these experiments .Rb
PCTb was first added to a chamber containing axoneme
fragments to assemble MTs onto both axoneme ends. After
2—3 min, the PCTb was replaced with mixtures of PCTh
and NTb in which the PCTb concentration was held constant
at 25uM and the NTb concentration was varied from 625
was treated with a-1200-fold excess offH]NEM, and the nM to 25 uM. The NTb used in these experiments was
molar ratio of NEM per monomei(or 5) was determined  prepared so that an average~el Cys per monomer was

at 5, 10, 15, and 30 min for each concentration (Figure 2). modified (L mM NEM for 10 min; see Figure 2). These
Labeling occurred almost equally far- and j-tubulin, treatment conditions are essentially the same used in previous
increased with increasing NEM concentrations, and appearedwvork with NTb (12), although the corresponding level of
to be approaching maximal levels at the higher NEM modification in that work was not reported. No MTs of either
concentrations (1 and 5 mM) after 30 min. Treatment with polarity were observed when this 281 NTb preparation
0.025-0.1 mM NEM for 30 min labeled only an average of was incubated with axonemes in the absence of PCTb (data
0.1-0.5 Cys/monomer. In comparison, treatment with 1 mM not shown). Example plus and minus end MT life history
NEM for only 10 min labeled an average of almost 1 Cys/ plots are shown in Figure 3 for MTs that were switched from
monomer, and reached an average labeling of 1.5 Cys/PCTb to a 0.25 NTh/PCTb mixture. For both ends, the life
monomer after 30 min. Treatment with the highest NEM histories that are depicted are representative of all MTs
concentration, 5 mM, gave an average labeling of 2 @€ys/ switched from PCTb to NTb/PCTb; i.e., plus end MTs
tubulin and 1.7 Cyg-tubulin after 30 min. Treatment with  continued to elongate at or near PCTb elongation rates, while
any of the NEM concentrations for 30 min produced NTb minus end MTs ceased elongation and remained constant in
that was unable to assemble onto either end of axonemeength. MT elongation rates following introduction of the
fragments, and inhibited (0.025, 0.05, and 0.1 mM NEM) NTb/PCTb mixture were measured, and the results are shown

RESULTS

Quantitation of NEM Modification of Tubuliff.o produce
NTb with a defined level of modification, we first quantified
the time course of NEM labeling af- and-tubulin for a
range of NEM concentrations. DTT-depleted tubulin 4R8)
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Ficure 3: Life history plots of MTs switched from PCTb to a
0.25 NTh/PCThb mixture. Representative life history (length vs time)
plots of a plus end MT (top) and a minus end MT (bottom) in
which elongating MTs were exposed to NTb. MTs were initially
assembled onto axoneme fragments from PCThu(@}, and this
solution was replaced at the indicated time (arrow 1) with32
chamber volumes of a 0.25 NTb/PCTb mixture (29 PCTb).
After approximately 5 min (arrow 2), the NTb/PCTb mixture was
replaced with PM buffer to induce rapid shortening. The plus end
MT in this example grew out of the field of view just prior to
dilution.

in Figure 4a. At the plus end, 0.028.1 NTh/PCTb mixtures
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Ficure 4: MT elongation and dilution-induced rapid shortening
rates as a function of the NTh/PCTb ratio. Solution replacement
experiments were performed as described in the legend of Figure
3 and Materials and Methods. PCTb (281) was mixed with NTb

to generate the indicated NTb/PCTb ratios and added to elongating
MTs. Elongation (a) and subsequent dilution-induced shortening
(b) rates are plotted for plu@j and minus endsa) for each NTb/
PCTb mixture. Each point represents the mean-2@MTs. Error

bars (standard error of the mean) were within symbol size except
as indicated.

(n = 5), respectively. The plus end shortening rate was not
significantly different P > 0.05) from the dilution-induced
shortening rates of PCTh MTs (see Figure 4b). However,
the minus end shortening rate in the presence of NTbh was
reduced by 30%H < 0.01) compared to the dilution-induced

had no significant effect on elongation rate (compared to 25 shortening rates of PCTb MTs.

uM PCTb), whereas 0.251 NTb/PCTb mixtures signifi- No catastrophes and hence no rescues were observed
cantly reduced the elongation rate &20% @ < 0.05 for during the course of these experiments, presumably because
a 0.25 NTb/PCTb mixtureP < 0.01 for 0.5 and 1 NTb/  the PCTb concentration was sufficiently high that the
PCTb mixtures). At the minus end, all NTh/PCTb mixtures frequency of catastrophe was essentially zero. Therefore, to
significantly (® < 0.001) inhibited elongation. It is possible determine if NTb affected rapid shortening rates, MT
that some minus end elongation occurred with the 0.025 andelongation in the presence of NTb/PCTb mixtures was
0.04 NTb/PCTb mixtures, both of which gave elongation typically observed forr5 min, and the solution was then
rates of about 0.2m/min, but this rate is very close to the replaced with PM buffer to induce MT shortening (Figure
limit that can be measured accurately in the in vitro MT 4b). All MTs converted to rapid shortening withi5 s of
assembly assayb). Regardless of whether elongation was the perfusion, and shortening rates of plus end MTs exposed
completely arrested, minus end MTs in the presence of anyto the various NTb/PCTb mixtures were not significantly
NTb/PCTb mixture examined never underwent a catastrophe.different P > 0.05) from those of MTs that had been
Even when individual minus ends were observed for 30 min, assembled in the presence of only PCTb. However, minus
no significant change in MT length could be detected [for a end MTs exposed to 0.64L NTh/PCTb mixtures shortened
0.25 NTh/PCTb mixture, the elongation rate was Gt02.01 significantly more slowly (by 2535%,P < 0.01) than MTs
um/min (n = 9)]. If 25 uM NTb, which did not assemble  assembled from only PCTb. Given the inhibitory effect of
directly onto axonemes, was perfused into the chamberNTb on both plus end and minus end elongation, we next
instead of a NTh/PCTb mixture, however, both plus and characterized the effect of NTh on the rates of association
minus ends converted to rapid shortening within seconds of (k;f) and dissociation k(1) of elongation. The rate of
the perfusion and shortened all the way back to the axoneme elongation ¢°) is equal to k°)([tubulin]) — k-18 and k®

Plus and minus end MTs exposed to;28 NTb shortened andk-;® can be determined by linear regression analysis of
at rates of 19.0+ 2.4 (n = 13) and 24.9+ 1.5 um/min elongation rate versus tubulin concentration d&jalow-
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14 was assembled in the presence of the NTb/PCTb mixture.
12 k i This pause was never observed for minus end MTs during
. J the course of these experiments. Although detectable on life
E 10 - 1 history plots, the pauses were so brief that the mean rate for
€ sl ] the rapid shortening episode [16.380.71 um/min (n =
% . : 47)] was not significantly differentR > 0.05) from the
5 6 [ ] shortening rates measured for MTs assembled completely
s 4} J from PCTb or from PCTb and a NTb/PCTb mixture (Figure
:§’ N 1 4b).
H L : Mapping of Critical Cys Residuessiven the evidence
“oo pointing to3-Cys° as being critical for assemblyl 4, 21)
o e L ] and the fact that a maleimide derivative has been found to
0 10 20 30 40 50 60 react with3-Cys®>* (19), we sought to distinguish between
PCTb Concentration (M) these two residues as possible targets of NEM. To obtain a

FiGURe 5: Plus end rate of elongation as a function of tubulin l0W-resolution map of reactive Cys residues, tubulin was
concentration. Mean elongation rates of plus end MTs assembledtreated with biotin-NEM [which performed in a manner
from PCTb @) and a 0.25 NTh/PCTh mixturéd] are plotted as  identical to that of NEM in assembly assays (data not
a function of PCTb concentration. The slopes for each were shown)], ando- and -tubulin were separated by SBS
determined by linear regression analysis of the entire data®&t ( ! . . - - .

= 81, (NTOPCTo = 50). Error bars for the means correspond to the PA_GE. The proteins were then d|gested_W|th formic a(_:|d,
standard error of the mean and were typically within the symbol Which cleaves between Asp and Pro residues. As depicted
size. Linear regression analysis yielded a slope of 0262012 in Figure 1, there is one such site aatubulin EDPSY7),
umuM~t min~* for PCTb and 0.18% 0.013um uM~* min—* for and cleavage yields two fragments: one 34 kDa fragment
the 0.25 NTh/PCTb mixture. Théintercept values for PCTb and (containing eight Cys residues) and one 16 kDa fragment

the 0.25 NTbh/PCTb mixture were0.78+ 0.33 and 0.24+ 0.35 ining f C id Tubulin h f g
umimin, respectively. Since the 0.25 NTb/PCTb mixtirimtercept ~ (CONtaining four Cys residues)-Tubulin has two formic

was slightly positive, the linear regression was recalculated to acid cleavage sites’DP®? and 3*DP*%) that should yield
constrain the fit through the origin (the lowest possible value for three fragments: one 30 kDa fragment (containing six Cys
k-19. This adjusted the slope to 0.1%70.004xm M~ min™™. residues), one 16 kDa fragment (containing one Cys residue),
) . ) and one 3 kDa fragment (containing one Cys residue).
limits that could be accurately measured, we were unable topAGE, transferred to nitrocellulose membrane, and probed

determine minus end rate constants in the presence of NTbyith an antibody against biotin (Figure 7). In addition to
Rate constants were therefore determined for plus end MTsipe undigested labeled proteins, the anti-biotin antibody

(Figure 5). This ratio was selected since it was the lowest 30 kDa fragment, but did not detect the 16 kDa fragments
proportion of NTb that caused a statistically significant of ejther protein (the3-tubulin 3 kDa fragment was lost

decrease in elongation rate compared to that of PCTb (Figureduring SDS-PAGE). Taken together, these results indicate
4a). Data for the 0.25 NTb/PCTb mixture were plotted Using that o-Cys¥15 a-Cys'6, o-Cys*, a-Cys¥78, and S-Cys¥*

concentration that supported plus end elongation wa¥l8  \yith the action of NTb. In addition to the expected products
end elongation in the presence of NTb wasid2. Onthe  py formic acid digestion. Thex50 kDa fragment was
basis of linear regression analysis of the data shown in Figurerecognized by the anti-biotin antibody and probably corre-

5, the plus endk;® value for PCTb was 7.4 0.3uM™*s™, sponds to amino acids 3445, but it is not clear which

+ 0.1uM~ts™L. For PCTb, the calculatdd ;¢ value for the
plus end was-21.2 4+ 9.0 s'%, while thek_,® for the 0.25
NTb/PCTb mixture was 07§ (see the legend of Figure 5). DISCUSSION

Elongation of NTb-Arrested MTJ.0 determine if NTbh-
arrested minus ends could be subsequently elongated, experi- The most dramatic effect of NTb in these experiments was
ments were performed as described in the legend of Figurethe near-to-complete arrest of minus end elongation (Figures
3 except that NTb/PCTb mixtures were subsequently re- 3, 4, and 6). Minus end elongation was completely blocked
placed with PCTb (2xM). Representative MT life history  over a 10-fold range of NTb/PCTb ratios (6:1 NTb/PCTb),
plots for plus and minus end MTs subjected to this triple- and at relatively high total tubulin concentrations (29l
replacement protocol are presented in Figure 6. The dataPCTb and 25:M NTb) (Figure 4). The inhibition of minus
show that minus ends arrested by a 0.025, 0.1, or 0.25 NTb/end elongation indicates that NTb associates with this end
PCTb mixture resumed elongation at the rate predicted for of the MT, and provides an explanation for the previously
25uM PCTb. However, when this PCTb was subsequently documented absence of minus end MTs on stabilized seeds
flushed from the chamber to induce MT rapid shortening, a in NTb/PCTb mixtures 11, 12). However, the proportion
surprising pattern was observed for evany<47) plus end of NTb sufficient to arrest minus end elongation in the
MT that was analyzed. When dilution-induced shortening current experiments (Figure 4a) was 10-fold lower (0.1 vs
took place, plus end MTs consistently exhibited a brief pause 1) than that found for complete inhibition of minus end
in shortening upon reaching the last region of the MT that assembly onto stabilized MT seeds in the same earlier
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Ficure 6: Life history plots of MTs switched from PCTb to a NTb/PCTb mixture to PCTb. MTs were assembled fraM B Thb for
1-2 min, and this solution was replaced with a 0.25 NTb/PCTb mixturg«{23°CTb) at the time indicated by arrow 1. This mixture was
then replaced with PCTb (26M) at the time indicated by arrow 2, and finally, the chamber volume was replaced with 6 volumes of PM

buffer at the time indicated by arrow 3. Example plus and minus end MTs for three different NTb/PCTb mixtures (0.25, 0.1, and 0.04) are
shown. Note the brief pause in shortening for plus end MTs upon reaching the length corresponding to arrow 2.

CBB Biotin Cys per monomer here) or to differences between stabilized
- -»-T and dynamic MT ends.
O *= == -34 NTb not only arrested minus end elongation but also
stabilized minus end MTs against catastrophe. For PCTb,
= - 16 there is an inverse relationship between elongation rate and
catastrophe frequency, and MTs that fail to elongate or
elongate very slowly £0.30 um/min) convert to rapid
CBB Biotin shortening within second$,(22). However, minus end MTs
- .- T stabilized by NTb were never observed to convert to rapid
- shortening even when followed for up to 30 min (the longest
[3 . - 30 period of continuous observation). Thus, NTh appears to
form a “cap” at the minus end that simultaneously limits
- - 16 productive addition of PCTb subunits and stabilizes against

Ficure 7: Mapping of reactive Cys residuesdn andj-tubulin.
Tubulin was modified with biotirr NEM and digested with formic
acid as described in Materials and Methods. Digestedand
p-tubulin were separated by SB®AGE and either stained with

the “normal” mechanism of catastrophe. Dilution of NTh/
PCTb mixtures with either buffer or NTb alone (251)
induced rapid shortening (Figures 3, 4, and 6), indicating
that NTbh-dependent stabilization of minus ends is reversible

Coomassie Brilliant Blue (CBB lanes) or transferred to nitrocel- . . . . .
lulose and probed with an antibody against biotin (Biotin lanes). and that NTb subunits dissociate from the minus end. This

The positions of undigested tubulin (T) and the major formic acid- '€sult also explains the previous observation that exposing
generated fragments of tubulin are indicated by the molecular massstabilized MT seeds to NTb does not subsequently inhibit
in kilodaltons. In addition to the expected products fietubulin,  MT assembly onto the seeds after the NTb is remodl (
gg%r%?ggtgﬁm and~27 kDa were also generated by formic e fact that NTh alone cannot support MT elongation or
' prevent minus ends from converting to rapid shortening
reports. This difference may be due to different NTb suggests that NTb alone is not sufficient to create or maintain
modification levels (unknown in the earlier studies a4 the minus end cap. The requirement for NTb and PCTb
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subunits in solution suggests that cap maintenance involvesNTb/PCTb mixtures (Figures 3 and 4b). For each mixture,
PCTb and NTb association and dissociation at the minus endthe overall plus end rapid shortening rate was not signifi-
with no net change in MT length. cantly different from that of MTs assembled entirely from
Analysis of NTb effects on rapid shortening also provides PCTb, and there was no difference in shortening rate between
evidence for association of NTb with shortening minus (but the two regions. These results suggest either that NTb is not
not plus) ends. The rate at which minus ends shortened inincorporated into an elongating plus end or, if incorporated,
the presence of 2aM NTb was slower than the rates of that NTb does not significantly alter the interactions between
those exposed to buffer alone. Since the rapid shorteningneighboring subunits during disassembly. However, triple-
rate for MTs assembled from PCTb is identical following replacement experiments (Figure 6) revealed a more com-
spontaneous or dilution-induced conversion to rapid shorten-plicated situation. MTs in these experiments consisted of
ing (5, 22), the reduced shortening rate observed with 25 three regions: an axoneme-proximal region assembled from
uM NTb suggests that NTb associates with shortening minus PCTb, a central region assembled from a NTb/PCTb mixture,
ends and thereby slows subunit dissociation during this phaseand a distal region assembled from PCTb. During dilution-
A surprising observation, consistent with this interpretation, induced shortening, everyn & 47) plus end MT that was
was that minus end MTs exposed to NTh/PCTb mixtures observed exhibited a brief pause at the interface between
prior to dilution-induced shortening also showed a reduced the distal PCTb region and the central NTb/PCTb region,
rate of rapid shortening (Figure 4b). Since no significant whereas no pauses were observed for minus end MTs
polymer formation occurred at these minus ends in the exposed to the same conditions. Pauses during plus end rapid
presence of NTb/PCTh, the most likely explanation for the shortening occurred only at the interface and not throughout
reduced shortening rate at the minus ends is that somethe entire central region of the MT where NTb could have
residual NTb remained after dilution, and that even low been incorporated. One possible explanation for the pause
concentrations of NTbh may decrease the rate of minus endis that NTb at the MT end may be buried by the newly added
shortening. PCThb, although why this would occur only at the interface
Although the most dramatic effect of NTb was stabilization and not continually during elongation of the NTh/PCTb
of the minus end, NTb also inhibited plus end elongation. region is not clear. In any case, the pause suggests that NTb
Previous studies with 0.33L NTb/PCTb mixtures found  was incorporated into these MTs and provides further
little or no inhibitory effect on plus end elongation rafiel( evidence that NTb associates with plus ends. In addition,
12). In comparison, we found that while NTb had no the pause suggests that NTb dissociates more slowly than
significant effect on plus end elongation rate<Q.1 NTh/ GDP—tubulin. Efforts to visualize NTb incorporation by
PCThb ratios, mixtures witk:0.25 NTb/PCTb ratios caused immunofluorescent methods using bioiNEM and anti-
significant inhibition of plus end elongation (Figure 4). The biotin antibodies, or to quantify NTb co-assembly by
reason for this slight difference is not clear but may, as sedimentation of MTs assembled in the presence’td]-|
mentioned above, be due to NTb modification level differ- NEM-modified NTb, have so far been unsuccessful.
ences between the earlier studies and the present work. The How does NEM maodification create a tubulin subunit that
decrease in elongation rate in the presence of NTb (see Figurés able to cause the effects observed at both MT ends?
4) indicates that NTb associates with the plus end, and thisAnswering this question depends ultimately on identification
conclusion is supported by the inhibitory effect of NTh on of the critical NEM-reactive Cys residues. A complicating
plus end association and dissociation rate constants (Figurdactor in understanding how NTb affects MT dynamics is
5). The association rate constant for PCTb was reduced bythato- andS-tubulin are labeled almost equivalently by NEM
24% when PCTb was supplemented with NTb to give a 0.25 (9, 10) (Figure 2). It is not clear whiclk.-Cys residues react
NTb/PCTb mixture, and the dissociation rate was reduced with NEM (or other SH-reactive compounds), but our low-
to 0 (actually slightly positive as fit by linear regression). resolution mapping (Figure 7) indicates thatCys®5,
The reduced association rate constant suggests that NT-Cys*6 o-Cys*, and a-Cys’® can be eliminated as
inhibits the rate at which PCTb adds to the plus end. candidates for NEM modification. In contrast dotubulin,
Although the mechanism of such inhibition is not clear, NTb severals-tubulin Cys residues are known to react with SH-
at the MT end may directly block the subsequent addition modifying reagents. These fall into two categories: residues
of PCTb subunits. The reduction in the dissociation rate proximal to the E-site (Cy§ Cy<?, and Cy3'}) and residues
constant indicates that tubulin subunits (NTh and/or PCTb) in the vicinity of the colchicine-binding site (C§%8 and
dissociate slowly from the plus end, and suggests either thatCys*®%). Analysis of the dimer structure2®) indicates that
NTb may dissociate more slowly than PCTb or that NTb at none of thesg-Cys residues are readily accessible. However,
the MT end may prevent PCTb subunits from dissociating. the structure is based on tubulin within a %Zssheet
Although there was no evidence for plus end stabilization protofilament, and a free dimer in solution may have a
for the NTb/PCTb mixtures used in the experiments de- sufficiently different conformation to allow NEM access to
scribed here, it remains possible that NTb in excess of PCThthese residues. This possibility is demonstrated by the fact
may produce stabilization of the plus end. that a-Cys% can be cross-linked to N-site GTR4), even
Continued elongation of plus end MTs exposed to NTh/ though the distance between the two appears too great in
PCTb mixtures suggests that NTb may be incorporated into the structure Z3).
these elongating ends, which may affect the shortening rate In terms of E-site Cys residugs;Cys'? can be cross-linked
when these MTs disassembled following dilution. Plus end to either3-Cys°! or 5-Cys!! by EBI (25), but only in the
MTs subjected to dilution-induced rapid shortening were absence of free GTP. In addition, an E-site nucleotide can
composed of two regions: an axoneme-proximal region be cross-linked t@-Cys'? (26, 27) or 3-Cys**! (27). There
assembled from PCTb and a distal region assembled fromare several arguments against these E-site Cys residues as
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the NEM target(s) in the study presented here. First, all NEM  In conclusion, individual MTs exposed to various NTb/
labeling was carried out with excess free GTP, which PCTb mixtures were observed in real time, and the results
suppresses the ability of certain SH-reactive compounds (e.g.jndicate that NTb interacts with elongating plus and minus
EBI) to react with E-site Cys residue5), but does not  ends, and preferentially inhibits minus end assembly by a
affect NEM modification of tubulin10). Second, NEM does  reversible capping mechanism. The ability of NTb to
not affect tubulin’s ability to bind or exchange GT®, (0). differentially affect tubulin association and dissociation at
Finally, spin-label studies indicate that the two most reactive the two ends, and to uncouple catastrophe frequency from
SH groups are at least 10 A from the E-site GTIB)( Thus, the rate of elongation specifically at the minus end, suggests
even though low-resolution mapping (Figure 7) does not that NTb may serve as a useful probe of differences in
eliminate -Cys¥?, 5-Cys%% or $-Cysl:, previous work dynamic instability at the two ends. The experiments
appears to exclude these as targets of NEM in this study.described in this paper focused on MT elongation and rapid
In terms of the Cys residues near the colchicine-binding shortening, and future work will involve analysis of NTb

site. there has been extensive work on the reIationshipeﬁeCtS on MT transition frequencies, conclusive identification
between colchicine binding an@-Cys*°® and (-Cys®
(reviewed in refl4). There is now substantial evidence that

B-Cys is involved in interactions with the A ring of
colchicine @8), whereasS-Cys®® may be masked by

of the critical NEM-reactive residues on boih- and
SB-tubulin, and examination of NEM effects on tubulin
conformation.

colchicine binding to tubulin and may not necessarily interact ACKNOWLEDGMENT

directly with colchicine 18, 21, 28). 5-Cys3® and-Cys®*

can be cross-linked by EBI in the presence of free GA%, (
but formation of this cross-linked product, and NE
modification of tubulin, are inhibited by prior binding of
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colchicine (8). These two residues were localized to a region REFERENCES

near the intradimer interface between and S-tubulin via
photoaffinity experiments3Q, 31), and this location was
recently confirmed with the determination of the tubulin
dimer structure Z3). Low-resolution mapping (Figure 7)
suggests that of the tw@-Cys**° is the more likely target

of NEM. The assignment g8-Cys**® as the critical NEM-
reactive Cys residue is supported by experiments with at least
two additional reagents (2,4-dichlorobenzyl thiocyanate and
T138067) that show specificity for this residu2l{ 32).
Modification of tubulin with either agent inhibits MT self-
assembly (minus end-specific inhibition was not examined),
and is also inhibited by colchicinf, 32). Interestingly,

the stabilization of MT minus ends by NTh is similar to that
reported for the tubulircolchicine complex in vitro 33),
although the tubulir-colchicine complex stabilizes plus ends
as well as minus ends34, 35), and preferentially and
irreversibly inhibits minus end disassembly following dilution
(36). Some of these differences could be related to the fact
that colchicine spans the intradimer contact and interacts with
a- as well asf-tubulin (30, 31, 37, 38).

Taken together, the common ability of NEM and other
SH-modifying reagents to inhibit tubulin self-assembly and
the specificity of some of these reagents o€y, our
low-resolution mapping, and the intriguing similarities
between the tubulincolchicine complex and NTb prefer-
ential stabilization of minus ends suggest taCys?° is
the critical NEM-reactive residue. Alternatively, it remains
possible that the critical NEM-reactive Cys is one of the as-
yet-unidentified residues oa-tubulin, or even that minus
end capping is due to modification of arCys residue while
plus end inhibition is due to modification off&aCys residue.
However, if 3-Cys** is the critical NEM-reactive residue,
then the proximity of this residue to the intradimer interface
(23) suggests that NEM modification may either induce or
prevent a conformational change that interferes with in-
tradimer interactions. This disruption may in turn alter the
longitudinal and/or lateral contacts between NTh and PCTb
at the MT end.
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