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ABSTRACT: Cemadotin (LU103793) (NSC D-669356) is a water-soluble synthetic analogue of dolastatin
15 that inhibits cell proliferation in vitro and the growth of human tumor xenografts. Cemadotin is in
phase Il clinical trials as a promising cancer chemotherapeutic agent. The drug blocks cells at mitosis. Its
primary mode of action has been unclear but is believed to involve an action on microtubules. We have
found that cemadotin binds to tubulin and strongly suppresses microtubule dynamics. Scatchard analysis
of cemadotin binding to tubulin indicated that there are two affinity classes of cemadotin-binding sites
with Kq values of 19.4«M and 136uM. Cemadotin did not inhibit the binding of vinblastine to tubulin,

and, conversely, vinblastine did not inhibit the binding of cemadotin to tubulin. By quantitative video
microscopy of individual microtubules, we found that cemadotin strongly suppressed dynamic instability
of microtubules assembled to steady state using bovine brain tubulin devoid of microtubule-associated
proteins. It reduced the rate and extent of growing and shortening, increased the rescue frequency, and
increased the percentage of time the microtubules spent in an attenuated or paused state, neither growing
nor shortening detectably. At the lowest effective cemadotin concentrations, dynamics were suppressed
in the absence of significant microtubule depolymerization. The results suggest that cemadotin exerts its
antitumor activity by suppressing spindle microtubule dynamics through a distinct molecular mechanism
by binding at a novel site in tubulin.

Cemadotin (LU103793) (NSC D-669356) (Figure 1) is a o
novel cytotoxic water-soluble pentapeptide analogue of H \)]\ H\/@
dolastatin 15. The dolastatin peptides were originally isolated ™y N - N N N N
e Al e o o

from the shell-less mollusbolabella auricularia Extracts

of this marine animal were employed in ancient Roman times

to poison the emperor Claudius and his stepson [reviewed LU103793

by Luduena et al.1)]. More recently they were found to  Figure 1: Structure of cemadotin (LU103793).

strongly inhibit proliferation of the murine P388 lymphocytic

leukemia cells ). Among the 15 novel cytotoxic peptides and 0.7 nM, respectively)6f. Cemadotin is currently in
(dolastatins +15) that were ultimately isolated from extracts, phase Il clinical trials as a promising cancer chemothera-
two of the natural compounds potently inhibit cell prolifera- peutic agent for metastatic melanoma and other solid tumors.

tion in a wide variety of leukemia cell line8); block mitosis Inhibition of cell proliferation by cemadotin occurs at
at G2/M phase in lymphoma cell lined)( and are undergo- metaphase of mitosis and is not associated with inhibition
ing clinical trials 6). of DNA synthesis. The drug is hypothesized to work by an

However, the synthesis of naturally occurring dolastatins interaction with tubulin and /or microtubules. It inhibits
is complex and yields low amounts of product, and their poor microtubule polymerization and depolymerizes preformed
aqueous solubility may limit clinical application. To over- microtubules in vitro. At low concentrations it disrupts
come these problems, numerous analogues of dolastatin 15ellular spindle microtubule organization in a manner
were synthesized and tested in human tumor xenograftresembling the disruption induced by several other drugs that
models. These efforts yielded the pentapeptide cemadotinact on microtubules, including vinblastine, colchicine, and
(LU103793), which potently inhibits proliferation of a paclitaxel 7—9). However, like the parent compound dola-
number of human carcinoma cell lines including mammary statin 15, the binding of cemadotin to tubulin has not been
(MDA-MB435), colon (HT-29), and cervical (HeLa S3) detected and the drug does not significantly inhibit the
carcinoma cell lines (with 16 values of 0.1 nM, 0.6 nM, binding of other tubulin ligands such as vinblastine or
colchicine (0, 6). Thus the antitumor mechanism of cema-
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polymers composed ad tubulin heterodimersid). Mi- Determination of Microtubule Dynamic Instabilitfubulin
crotubule ends switch between growing and shortening states(12 xM) was mixed with axoneme seeds and polymerized
a behavior termed dynamic instability, apparently due to a in assembly buffer containing 1 mM GTP in the presence
stochastic gain and loss at the microtubule ends of aor absence of cemadotin. The seed concentration was
stabilizing GTP or GDFPi cap ((2—16). Recent evidence adjusted to achieve-36 seeds/microscope field. After 35
indicates that the dynamics of microtubules, not just their min of incubation, samples of microtubule suspensions (2.5
presence, are critically involved in microtubule functid@ uL) were prepared for differential interference contrast
19). For example, microtubule dynamics are essential for videomicroscopy and the dynamics of individual microtu-
chromosome movement during mitosis, which involves bules were recorded at 3T as previously describe@€).
dynamic interactions between the kinetochores of the chro- The microtubules were observed for a maximum of 45 min
mosomes and the spindle microtubules. after they had reached steady state. Under the experimental

Microtubules and their dynamics are the principal targets conditions used, microtubule growth occurred predominantly
of several antimitotic chemotherapeutic compouraf. (For at the plus ends of the seeds as determined by the growth
example, vinblastine and colchicine are potent inhibitors of rates, the number of microtubules that grew, and the relative
microtubule polymerization that inhibit cell proliferation at lengths of the microtubules at the opposite ends of the seeds
prometaphase of mitosi9, 21, 22). Taxol, which increases (14, 26, 28). Microtubule length changes were analyzed as
microtubule polymerization, similarly inhibits mitosis at described previously28). We considered the microtubule
metaphased). While all three drugs produce profound effects to be in a growing phase if the microtubule increased in
on the microtubule polymer mass at relatively high drug length by >0.2 um at a rate> 0.15 yum/min and in a
concentrations, we have found that, at low concentrations, shortening phase if the microtubule shortened in length by
they appear to inhibit proliferation of HelLa cells at mitosis > 0.2um at a rate> 0.3um/min. Length changes equal to
by suppressing microtubule dynamics. Mitotic block ulti- or less than 0.2m over the duration of 6 data points were
mately results in cell deatl28). These results have indicated considered as attenuation or pause phases. We used the same
that the most potent chemotherapeutic mechanism by whichtubulin preparation for all experiments. An average of 13
antimitotic drugs act to inhibit proliferation and induce death microtubules was measured for each experimental condi-
of tumor cells is by suppression of spindle microtubule tion.
dynamics rather than by depolymerization or excessive The catastrophe frequency [a catastrophe is a transition
polymerization of spindle microtubuleg, (9, 19, 20, 22, 24, from the growing or attenuated state to shortenit@](was
25). calculated by dividing the number of catastrophes by the sum

In the present study, we sought to elucidate the antitumor of the total time spent in the growing plus attenuated states
mechanism of cemadotin by examining its binding to tubulin for all microtubules for a particular condition. The rescue
and its interactions with microtubules. By fluorescence frequency [a rescue is a transition from shortening to growing
spectroscopy and binding of radiolabeled drug, we found that or attenuation, excluding new growth from a seg&d)[ was
cemadotin binds with high affinity to an apparently unique calculated by dividing the total number of rescue events by
site on tubulin and suppresses the dynamics of individual the total time spent shortening for all microtubules for a
microtubules by a distinct molecular mechanism. particular condition. The average length the microtubules
EXPERIMENTAL PROCEDURES grew per growing event was determined by dividing the
summed growing lengths for all microtubules for a particular
condition by the total number of growing events. The average
length shortened per shortening event was determined
analogously.

Fluorescence Measurementhe interaction of cemadotin
with tubulin (2u4M) was monitored by using the fluorescence
of tubulin—bis-ANS or of tubulin-ANS (29) measured with
a Perkin-Elmer LS50B spectrofluorometer equipped with a
constant-temperature water circulating bath {8} Spectra
were taken by multiple scans, and buffer blank values were
subtracted from all measurements. The intrinsic tubulin
fluorescence change induced upon the binding of cemadotin
to tubulin was measured with 295 nm as the excitation
wavelength, and emission at 337 nm was used for calcula-
tions. The excitation and emission band-pass were 10 nm.

Cemadotin Binding to TubulirCemadotin, 2200 uM,
spiked with a trace of'fC]cemadotin (specific activity 892
MBg/mmol)(synthesized by BASF Pharma, Ludwigshafen/
Rhein, Germany) was mixed with tubulin 8/) in assembly
buffer and incubated (£C, 40 min). Bound drug was
determined by use of an MPS micropartition device with
YMT membrane (Amicon, Beverly, MA) centrifuged at 4500

1 Abbreviations: ANS, 1-anilino-8-naphthalenesulphonate; bis-ANS, rpm for 90 s (Sorva"’ SS35 rotor, ZC) (30)' The MPS

bis-8-anilino-1-naphthalenesulfonic acid; Pipes, 1,4-piperazinediethane-micrOpart_ition device was preincubated with 1% aqueous
sulfonic acid; Mes, 2-morpholinoethanesulfonic acid. nonfat dried milk overnight (28C) to reduce adhesion of

Purification of TubulinBovine brain microtubule protein
was isolated without glycerol by three cycles of polymeri-
zation and depolymerization. Tubulin was purified from the
microtubule protein by phosphocellulose chromatography
(26). The tubulin solution was rapidly frozen as drops in
liquid nitrogen and stored at70 °C until used. Protein
concentration was determined by the method of Bradford
(27) with bovine serum albumin as the standard.

Microtubule Polymerization and Determination of Steady-
State Microtubule Polymer Masstubulin pellets were
thawed and centrifuged at “4C to remove any aggregated
or denatured tubulin. Tubulin (1@M) was mixed with
Strongylocentrotus purpuratdkagellar axonemal seed26)
in 86 mM Pipes, 36 mM Mes, 1.4 mM MgGJ, and 1 mM
EGTA, pH 6.8 (assembly buffer), containing 1 mM GTP
and incubated (37C) in the absence or presence of a range
of concentrations of cemadotinrfd h to polymerize the
microtubules. The microtubules were collected by centrifu-
gation (150000, 1 h, 37°C) and the microtubule pellets
were solubilized in distilled water for determination of
protein concentration.
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Ficure 2: Effects of cemadotin on steady-state microtubule
polymer mass. Tubulin (1@M) was mixed withS. purpuratus
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flagellar seeds in assembly buffer containing 1 mM GTP and o ey . PpT Y
incubated at 37°C in the absence or presence of different
concentrations of cemadotin for 35 min to polymerize the micro- 6 .
tubules to steady state. The microtubules or tubulin aggregates WJ""""“W‘"
were pelleted by centrifugation at 150@pf@r 1 h and the pellets 4

ere solubilized at OC for protein determination. Error bars ‘ s .
VSVEM. ubiliz protei inati o [ it

o ‘ ‘ ‘

cemadotin to the apparatus. The concentration of unbound 0 100 200 80 400 500 600
cemadotin was determined by measuring the radioactivity Time ( S )

in the centrifugate, and bound ligand was determined by

subtraptlng unbound “.gand from _total "gaf‘d- anspecmc at their plus ends at steady state in the absence (A) and presence
adhesion was determined following centrifugation in the 0.1uM (B) cemadotin. The lengths of individual microtubules
absence of tubulin. The association constant for the tubulin  were measured from real-time videotape recordings as described
cemadotin interaction was calculated according to the methodunder Experimental Procedures.

of Scatchard %1).

Binding of [**C]cemadotin to tubulin in the presence of
vinblastine was determined by column centrifugatiBg)(
Tubulin (6 M) and cemadotin (1M) containing F“C]-
cemadotin were incubated with or without vinblastine-(0
50 uM) at 0 °C for 30 min. Tubulin-bound cemadotin was
separated from unbound cemadotin by centrifugation with
1-mL columns of Bio-Gel P6 (Bio-Rad). Radioactivity and
proteins in the eluates were determined. Background radio-
activity measured in the absence of tubulin was subtracted
from the experimental values.

Ficure 3: Growing and shortening length changes of microtubules

showing typical length changes at the plus ends of control
microtubules in the absence of drug are shown in Figure
3A. Life history traces were used to determine the parameters
of dynamic instability (Table 1). As previously documented,
control microtubules alternated between phases of slow
growing (26.1+ 2.9 dimers/s) and rapid shortening (284

31 dimers/s) and also spent a small fraction of time (9%) in
an attenuated or pause state, neither growing nor shortening
detectably.

Cemadotin Preferentially Suppressed the Rate and Extent
of Growing ExcursionsAs shown in Figure 3B, addition of
RESULTS cemadotin at concentrations as low as 100 nM suppressed

microtubule dynamics. The rates and extents of growing and

Inhibition of Microtubule Polymerization by Cemadotin. shortening events were reduced and the percentage of time
The ability of cemadotin to inhibit axoneme-seeded micro- that the microtubules spent in the attenuated or pause state
tubule polymerization of bovine brain tubulin was determined was increased. As shown in Figure 4, cemadotin more
by measuring polymer mass with a sedimentation assaystrongly suppressed the growing rates than the shortening
(Experimental Procedures). As shown in Figure 2, cemadotinrates, and suppression was dependent upon the drug con-
inhibited polymerization in a concentration-dependent man- centration. For example, 100 nM cemadotin reduced the
ner; 50% inhibition occurred atAM compound. The lowest  mean growing rate by 41% (to 1543 2.5 dimers/s). At the
concentration of cemadotin that significantly reduced the highest concentration studied M), cemadotin reduced the
microtubule polymer mass (by 21%) was 10 nM (Figure 1). mean growing rate by approximately 63% to 971.3
At concentrations of cemadotin greater thamh\8, the mass dimers/s. The average length the microtubules grow per
of polymerized tubulin increased, consistent with previous growing event is considered to be important in the “search
observations of the formation of tubulin aggregates in the and capture” mechanism of attachment of dynamic micro-
form of ring structures at high concentrations of cemadotin tubules to prometaphase chromosomes. The length grown
(>50 uM) (6). per growing event was strongly decreased by cemadotin

Dynamic Instability of Control Microtubules at Steady (Table 1). For example, at 100 nM cemadotin the mean
State. Microtubules were polymerized from bovine brain growing length was reduced46% from 2.2um per growing
tubulin with axonemal fragments as seeds (see Experimentakvent to 1.2um per event. Thus, microtubules grew more
Procedures). Microtubule growth occurred predominantly at slowly and grew less extensively in the presence of cema-
the plus ends of the seeds. Several “life history” traces dotin than in its absence.
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Table 1: Effects of Cemadotin on the Dynamic Instability Parameters of Microtubule Plus Ends at Steady State

cemadotin (nM)

0 0.1 1.0 10 100 1000
Rate (dimer s?)
growing 26.1+ 2.9 26.9+1.8 19.7£ 2.2 19.7+ 2.2 153+ 25 9.7£1.3
shortening 284+ 31 313+ 30 309+ 32 2614+ 42 2144 45 147+ 40
Mean Length Grown or Shortened per Evennj
growing 2.2 2.0 1.9 1.0 1.2 0.6
shortening 55 5.9 4.9 4.0 3.3 3.0
Phase Duration (s)
growing 1414+ 21 126+ 16 162+ 24 88+ 12 131+ 18 107+ 11
shortening 333 32+3 27+ 4 26+ 4 26+ 1 35+ 6
pause 58t 14 74+ 6 62+ 15 554+ 13 82+ 8 90+ 14
Percent of Total Time
growing 76 71 81 63 7 59
shortening 15 17 10 17 10 11
pause 9 11 8 21 13 30
Frequency (s)
rescue 0.010 0.015 0.017 0.023 0.033 0.030
catastrophe 0.0054 0.0067 0.0040 0.0079 0.0041 0.0036
Frequencygm™1)
rescue 0.071 0.088 0.105 0.209 0.297 0.496
catastrophe 0.56 0.63 0.43 111 0.74 1.34
Dynamicity (dimers/s)
62.5 72.9 48.4 56.9 32.7 219
a Standard error of mean.
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Ficure 4: Suppression of the rates of growing)(or shortening )
(®) at microtubule ends by cemadotin. The rates of individual FIGURE 5: Effects of cemadotin on the frequency of rescue or
microtubule growing and shortening events were measured from catastro_phe calculate(_j on the basis of time. Number of rescues per
real-time videotape recordings as described in Experimental Second in the shortening phasg &nd number of catastrophes per
second in the phases of growing and attenuat¥raé a function

Procedures. Error bars SEM.

Cemadotin also suppressed the rate and extent of shorten
ing, but its effect on shortening was less than its effect on
growing (Table 1; Figure 4). For example, at 100 nM
cemadotin the shortening rate was reduced 25% (from 284

of cemadotin concentration (see Experimental Procedures).

+ 31 dimers/s in controls to 214 45 dimers/s) and the

. . S
mean length shortened during a shortening event was reduce%-ame 1) @5, 35). Cemadotin markedly increased the

by 40% (from 5.5 to 3.8m per shortening event).

sensitivity of dynamic instability to cemadotin was similar

to the sensitivity of bulk polymerization.

Had Little Effect on the Catastrophe Frequencyhe
frequencies of transition among the growing, shortening, and stabilization of microtubule dynamics.

pause states are considered to be important in the regulation
of microtubule dynamics and function in cell83 34).
Transition frequencies can be calculated on the basis of the
time spent growing or shortening (Figure 5, Table 1) as well

on the basis of microtubule length grown or shortened

frequency of rescue from episodes of shortening. For
Cemadotin inhibited dynamic instability to approximately example, 100 nM cemadotin increased the time-based rescue

the same degree as it reduced the polymer mass (inhibitionfrequency 3-fold (from 0.010 to 0.033% and the length-

at 100 nM drug: growing rate, 41%; shortening rate, 25%; hased rescue frequency 4-fold (from 0.07 to Qu80%). In

growing length, 46%; shortening length, 40%; as compared contrast, the drug had little or no effect on the time-based

with 35% reduction in polymer mass) (Table 1). Thus, the catastrophe frequency and only slightly increased the length-

based catastrophe frequeneyl(4-fold). The net result was

that microtubules transitioned to rapid shortening as often
Cemadotin Markedly Increased the Rescue Frequency butin the presence of cemadotin as in controls, but the lengths

shortened were very short, resulting in marked kinetic
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90 T the aggregation of tubulin dimers in the presence of high
80 F 4 concentrations of cemadotin.
3 o0l o | Cemadotin Binds to an Apparently i Site in Tubulin.
2 Many antimitotic compounds of diverse structure bind in one
2 60 of two major ligand binding domains in tubulin, known as
.g 50 the vinca alkaloid binding domain and the colchicine binding
> 40 domain @6, 37). However, in previous studies using a
k) nonequilibrium centrifugal gel-filtration method to examine
é 30 the binding of radiolabeled cemadotin to tubulin, the drug
& 20r ° 1 did not detectably inhibit the binding of either vinblastine
10k i or colchicine to tubulin §). Cemadotin is one of the
ol L il il il dolastatin family of antimitotic compounds. In the dolastatin
0 0.0001  0.001 0.01 0.1 1 family, dolastatin 10 is a noncompetitive inhibitor of
[LU103793] (uM) vinblastine binding to tubulin and is thought to bind in the

FIGURE 6: Suppression of dynamicity by cemadotin. Dynamicity, “peptide binding site”, near the vinca binding site and within
a measure of overall dynamics, was calculated from all detectablethe vinca binding domair(). In contrast, dolastatin 15 (the

grtc))vxlling and s_hoLtening Iengtg changes including the ltime mijcro- arent compound of cemadotin) does not detectably inhibit
tubules spent in the attenuated state (see Experimental Proceduresy, o i binding 10).

0.09 . y r , ' , Using an independent method that assays changes in
tubulin fluorescence under equilibrium binding conditions,
0.08 f\* . we confirmed that cemadotin does not inhibit the binding
of vinblastine to tubulin. Since vinblastine binding to tubulin
0.071 ] guenches the inherent fluorescence of tubuld®),( we
0.06 - i reasoned that if cemadotin could inhibit the binding of
_ vinblastine to tubulin, incubation of tubulin with cemadotin
S 005 - should eliminate the vinblastine-induced quenching of tubulin
= fluorescence. However, cemadotin at concentrations as high
g 004r 7 as 200uM had no effect on the quenching of tubulin
0,031 3 1 fluorescence induced by vinblastine {80 uM), thus
' confirming that cemadotin does not inhibit the binding of
0.02 _ vinblastine to tubulin.
In the second approach, we examined the converse, that
0.01 . is, whether vinblastine inhibits the binding éfC]cemadotin
o N s to tubulin. Tubulin (5uM) was incubated with 1M of
0 1 2 3 4 5 6 7 [*C]cemadotin in the absence and presence of a range of
r concentrations of vinblastine (+®0 xM). Vinblastine had

FiGURE 7: Scatchard plot of the binding of cemadotin to tubulin. no effect on the binding of'fC]cemadotin to tubulin (data
Tubulin (5 uM) was incubated with different concentrations of not shown). Thus we detected no competition between the

ggn;ad(itén (%ZOS#MéCé)ntaining gtface,‘)flgcll)cemado?“ atl\l/llPS binding of vinblastine and cemadotin to tubulin, suggesting
or 15 min. Bound drug was determined by use of an that cemadotin binds to a novel site on tubulin.

micropartition device with YMT membrane (see Experimental . . .
Procedures)r = [bound cemadotin]/tubulin]:c = [unbound Cemadotin Induced Little or No Conformational Change

cemadotin], in micromolar. in Tubulin. We used several fluorescence spectroscopic
assays to search for possible effects of cemadotin binding

Dynamicity is a parameter that reflects the overall dynam- on tubulin conformation (Experimental Procedures). In the
ics of the microtubules [the total detectable tubulin dimer first assay, we found that cemadotin had no significant effect
addition and loss at a microtubule end including the time on the intrinsic tryptophan fluorescence of tubulin. At 200
spent in the attenuated sta®2(26)]. As shown in Figure  uM, the drug quenched intrinsic tubulin fluorescence by less
6, dynamicity was strongly suppressed by cemadotin. At than 5%. Increasing the Mg concentration (to 6 mM) also
100 nM drug, for example, dynamicity was suppressed by did not alter the fluorescence of tubulin upon binding by
48%. cemadotin (data not shown).

Cemadotin Binds to Tubuliridsing an equilibrium tech- Bis-8-anilino-1-naphthalenesulfonic acid (bis-ANS) is a
nique with a micropartitioning system, we were able to detect fluorescent ligand that is widely used to monitor conforma-
and examine the binding of4C]cemadotin to tubulin over  tional changes in tubulir8Q, 40). Incubation of tubulin with
a wide range of drug concentrations af© (see Experi-  cemadotin at concentrations as high as 200 had no
mental Procedures). Scatchard analysis of the data wagletectable effect on the tubutibis-ANS fluorescence (data
biphasic (Figure 7), indicating two affinity classes of binding not shown).
sites. The slopes of the curves yieldedgof 19.4uM and The apolar molecule 1-anilino-8-naphthalenesulfonate
a stoichiometry of 0.91 for the high-affinity site anda of (ANS) stoichiometrically binds to tubulin at a single site,
136 uM for the low-affinity binding to multiple sites. The  and the tubulinrANS complex fluoresces strongly, making
weak affinity of cemadotin for multiple sites in tubulin it a useful tool for probing conformational states of the
suggests that binding to these sites may be nonspecific.tubulin dimer 41). As shown in Figure 8, the binding of
Alternatively, these low-affinity sites may be generated by vinblastine (3QuM) to tubulin increased the fluorescence of
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200 Binding of the drug did not perturb the intrinsic tryptophan
- -~ ~ fluorescence of tubulin or the fluorescence of the tubdylin
bis-ANS complex or the tubulinANS complex (Figure 8).
The related peptide compound dolastatin 10 was found to
bind in the vinca alkaloid binding domain in tubuli8).
However, by fluorescence quenching methods, we confirmed
the results of de Arruda et ab), indicating that cemadotin
does not inhibit the binding of vinblastine to tubulin.
Conversely, we also found that vinblastine does not inhibit
the binding of radiolabeled cemadotin to tubulin. These
4;0 . 4;0 . 51'0 L 5éo ' 50 results indicate that cemadotin bin_ds toa s?te differ_ent_ from
the vinblastine site on tubulin. Previous studies also indicated
Wavelength (nm) that the compound does not bind to the colchicine site in
Ficure 8: Absence of effect of cemadotin (1Q@M) on the tubulin (6); thus the drug may bind to a novel site in tubulin.
fluorescence of tubulinANS complex as compared with the effect The interaction of cemadotin with tubulin appears to be

i i . i i ith L . .
%rxg]dbcl,%ﬁn?; g%oﬂ\iﬁ) a;l’ ‘g‘;“c"_”A(N?’S” ?g)olv,\e,})s \;\Ir:sut;%tggdv:nd significantly stronger than the interaction of the parent

fluorescence was measured 15 min later. The excitation andcompound dolastatin 15 with tubulin. Cemadotin binds to
emission wavelengths were 400 and 468 nm, respectively. Fluo- tubulin (Figure 6) and induces tubulin aggregatid), (
rescence in control (solid line) and in the presence of vinblastine indicating that the drug increases the association of tubulin
(dashed line) or cemadotin (dotted fine) is plotted. dimers. Unlike cemadotin, neither the binding of dolastatin
. . 15 to tubulin nor the induction of tubulin aggregation has
the tub_uIm—ANS pomplex. However, cemadotin, at con- been detected. In addition, dolastatin 15 onlggvegkly inhibits
centrations as high as 106M, had no effect on the the polymerization of tubulin, with &; of 23 uM (10), as

fluorescence of the tubulirANS complex (Figure 8). : : .
S L ; compared with &; of 1 uM for cemadotin (Figure 2).
Together these results indicate that binding of cemadotin to Cemadotin Must Bind to Microtubule Endshibition of

tubdugn doestr:jott petrtglr b tlr’:e tt?]/ pttopthan rfs'd:ﬁz 8; ttlL;ESlli'r? microtubule polymerization occurred in a concentration-
and does not detectably after the tertiary struc "dependent manner with half-maximal inhibition atuM

DISCUSSION drug. At_this concentration, the ra_tio. of total tl:lbl.!“n to
cemadotin was 18:1. Thus cemadotin is a substoichiometric
Cemadotin is a potent antiproliferative agent that acts by inhibitor of microtubule polymerization. Substoichiometric
blocking cells at mitosis. Previously it was unclear whether inhibition of microtubule assembly must involve binding of
the drug acted primarily on microtubules or whether it had the drug to the ends of the microtubules by the drug molecule
another cellular target. In this study we found that cemadotin acting alone or as a complex with soluble tubulin. In addition,
binds to tubulin. Importantly, it also strongly suppresses the microtubule dynamics were stabilized by cemadotin regard-
dynamics of individual microtubules in vitro. Cemadotin less of how high the final critical concentration of soluble
exerts its suppressive effects on microtubule dynamics by tubulin achieved. For example, cemadotin (100 nM) inhibited
reducing the rate and extent of both growing and shortening microtubule polymerization by 38% and increased the
excursions and by increasing the time microtubules spendconcentration of soluble tubulin (from 9 to M), but the
in the attenuation state, neither growing nor shortening microtubules that formed were kinetically stabilized (Figure
detectably. Dynamic microtubules are important to mitosis 2B), indicating that cemadotin must interact with microtubule
in a number of ways: in the proper formation of the mitotic ends.
spindle, in the “search and capture” process of attachment Cemadotin Potently Suppresses Microtubule Dynamics.
of chromosomes to spindle microtubules, in chromosome Cemadotin suppressed the rates and lengths of growth and
congression to the metaphase equatorial plate, in the transishortening, increased the percentage of time that microtubules
tion from metaphase to anaphase, and in anaphase movemenjpent in a phase of attenuation or pause, and enhanced the
to the spindle polesl®, 20, 42). There is strong evidence frequency of rescue with little effect on the frequency of
that suppression of the rates, lengths, and transition frequen-catastrophe (Figures-%, Table 1). The rate of growing was
cies of microtubule growing and shortening events during suppressed by a larger percentage than the rate of shortening.
mitosis are the most potent mechanism of action of severalThis is unusual as the antimitotic drugs examined so far either
antimitotic drugs, including vinblastine, taxol, estramustine, preferentially suppress the rate of shortening (taxol, colchi-
and, as shown here, the dolastatin analogue cemadotin. cine, cryptophycin) or suppress the rates of shortening and
Interaction with TubulinWe found that cemadotin binds  growing equivalently (vinblastine, estramustin2},(26, 28,
to tubulin in two different classes of binding sites, a high- 32, 43—45). The mechanistic reason for this difference is
affinity class of sites with a dissociation constant of 19.4 not clear.
uM, and a low-affinity class of sites with a dissociation Cemadotin (16-100 nM) reduced the growing rate in
constant of 136:M. Since cemadotin induces aggregation the presence of a slight increase in the soluble tubulin con-
of tubulin into small discrete rings or partial ring structures centration (soluble tubulin increased froml0 4M in the
(6), it is possible that the low-affinity site is produced by absence of drug te11uM in the presence of 100 nM drug).
aggregation of tubulin dimer into oligomers in the presence Thus the reduction of growing rate was not due to a decrease
of cemadotin. of assembly-competent tubulin but must be due to binding
The binding of cemadotin to tubulin is unusual in that it of the drug to the microtubules. We do not know whether
produced no detectable conformational alteration in tubulin. cemadotin suppresses dynamics by interacting only at
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