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Abstract
Maytansine is a potent microtubule-targeted compound that induces mitotic arrest and kills tumor cells
at subnanomolar concentrations. However, its side effects and lack of tumor specificity have prevented
successful clinical use. Recently, antibody-conjugated maytansine derivatives have been developed to
overcome these drawbacks. Several conjugates show promising early clinical results. We evaluated the
effects on microtubule polymerization and dynamic instability of maytansine and two cellular metabolites
(S-methyl-DM1 and S-methyl-DM4) of antibody-maytansinoid conjugates that are potent in cells at picomolar levels and that are active in tumor-bearing mice. Although S-methyl-DM1 and S-methyl-DM4 inhibited polymerization more weakly than maytansine, at 100 nmol/L they suppressed dynamic instability
more strongly than maytansine (by 84% and 73%, respectively, compared with 45% for maytansine).
However, unlike maytansine, S-methyl-DM1 and S-methyl-DM4 induced tubulin aggregates detectable
by electron microscopy at concentrations ≥2 μmol/L, with S-methyl-DM4 showing more extensive aggregate formation than S-methyl-DM1. Both maytansine and S-methyl-DM1 bound to tubulin with similar
KD values (0.86 ± 0.2 and 0.93 ± 0.2 μmol/L, respectively). Tritiated S-methyl-DM1 bound to 37 highaffinity sites per microtubule (KD, 0.1 ± 0.05 μmol/L). Thus, S-methyl-DM1 binds to high-affinity sites
on microtubules 20-fold more strongly than vinblastine. The high-affinity binding is likely at microtubule
ends and is responsible for suppression of microtubule dynamic instability. Also, at higher concentrations,
S-methyl-DM1 showed low-affinity binding either to a larger number of sites on microtubules or to sedimentable tubulin aggregates. Overall, the maytansine derivatives that result from cellular metabolism of
the antibody conjugates are themselves potent microtubule poisons, interacting with microtubules as effectively as or more effectively than the parent molecule. Mol Cancer Ther; 9(10); 2689–99. ©2010 AACR.

Introduction
Maytansine (Fig. 1) is a 19-member ansa macrolide
structure attached to a chlorinated benzene ring (1). It
was originally isolated from the shrub Maytenus ovatus
(2). The antimitotic effect of maytansine has been attributed to its ability to inhibit microtubule assembly by
binding to tubulin with a KD of ∼1 μmol/L, at or near
the vinblastine-binding site (3–5). Maytansine is effective
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in vivo against Lewis lung carcinoma and B16 murine
melanocarcinoma solid tumors and has antileukemic activity against P388 murine lymphocytic leukemia (6). The
microtubule-targeted antiproliferative activity of maytansine was substantiated in a screening of 60 human cancer
cell types by the U.S. National Cancer Institute (6). Although maytansine inhibits microtubule assembly and
kills cancer cells, its utility in the clinic has been hampered by severe side effects and poor efficacy (6). When
evaluated as a single agent, maytansine failed to show
any significant response in patients with different types
of cancers (6, 7).
The recent development of maytansine analogues conjugated to antibodies to increase their target specificity
has revived interest in these compounds as potential
drugs for cancer chemotherapy (6, 8–10). The present
study focuses on the effects of maytansine and its thiomethyl derivatives, S-methyl-DM1 and S-methyl-DM4
(Fig. 1), which are the primary cellular or liver metabolites
of antibody-maytansinoid conjugates prepared with the
thiol-containing maytansinoids DM1 and DM4, respectively. Antibody conjugates of DM1 and DM4 kill several
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types of cancer cells in the nanomolar to picomolar concentration range (10, 11). Importantly, a recent phase II clinical
trial with the maytansinoid conjugate trastuzumab-DM1
has shown promise, yielding an interim overall response
rate of 39% in patients with metastatic breast cancer (12).
Inside cells, maytansinoid conjugates undergo lysosomal
degradation, and the proteolytic digestion of the antibody component of the conjugates gives rise to a number
of metabolites (10) that may constitute active drugs.
Although the maytansine binding to tubulin and its effects
on microtubule assembly have been studied, its effects on
microtubule dynamic instability are unknown. In addition,
the mechanisms of action of the metabolites of the antibody
conjugates, which may ultimately constitute the active
intracellular components, are unknown.
Microtubules are dynamic cytoskeletal polymers that
switch stochastically between states of growing and
shortening, called “dynamic instability” (13). They function in the precise segregation of chromosomes during
cell division, transport of cellular cargos, and positioning
and movement of intracellular organelles (13, 14). Inhibition of microtubule function leads to cell cycle arrest and
cell death (14). Microtubule-targeted drugs, including the
Vinca alkaloids, taxanes, and epothilones, suppress the
dynamic instability of microtubules, induce mitotic arrest, inhibit cell proliferation, and induce apoptosis (15).
In this study, we evaluated the effects of maytansine and
its two thiomethyl-containing derivatives, S-methyl-DM1
and S-methyl-DM4, on microtubule dynamic instability,
and we determined the binding of S-methyl-DM1 to
tubulin and microtubules.
Although S-methyl-DM1 and S-methyl-DM4 inhibited
microtubule assembly more weakly than maytansine,
they suppressed dynamic instability more strongly than
maytansine. As in the case of vinblastine, the maytansinoids potently suppress microtubule dynamic instability
by binding to a small number of high-affinity sites, most
likely at microtubule ends. Thus, the maytansine derivatives that result from cellular metabolism of the antibody
conjugates are themselves potent microtubule poisons,
interacting with microtubules as effectively as or more
effectively than the parent molecule.

Materials and Methods
Synthesis and chemistry
The thiol-containing maytansinoids DM1 [N2′-deacetyl2′
N -(3-mercapto-1-oxopropyl)-maytansine] and DM4
[N 2′ -deacetyl-N 2′ -(4-mercapto-4-methyl-1-oxopentyl)maytansine] were synthesized as previously described
(16). Each of these compounds was converted to its
respective thiomethyl derivative, S-methyl-DM1 [N2′deacetyl-N 2′ -(3-thiomethyl-1-oxopropyl)-maytansine]
or S-methyl-DM4 [N 2′ -deacetyl-N 2′ -(4-thiomethyl-4methyl-1-oxopentyl)-maytansine], by reacting them
overnight with an excess of methyl iodide and N,N-diisopropylethylamine in a solution of N,N-dimethylformamide.
The resulting S-methylated derivatives, S-methyl-DM1
and S-methyl-DM4, were purified by reverse-phase preparatory high-performance liquid chromatography eluting with a linear gradient of acetonitrile in deionized
water. The purity and identity of each isolated compound
were assessed by high-performance liquid chromatography and mass spectroscopy. [3H]DM1 was synthesized
as previously described (17) and converted to S-[methyl3
H]DM1 by methylation with methyliodide as described
for S-methyl-DM1 above.
Purification of tubulin and microtubule protein
Bovine brain microtubule protein [MTP; tubulin and
microtubule-associated proteins (MAP)] was isolated by
two cycles of temperature-dependent polymerization
and depolymerization (18). Tubulin was purified from
MTP by phosphocellulose chromatography (19) and concentrated to 9 mg/mL in 100 mmol/L PIPES, 1 mmol/L
EGTA, and 1 mmol/L MgSO4 (pH 6.8; PEM buffer) at 30°C.
Purified tubulin was drop-frozen in liquid nitrogen and
stored at −70°C until use. Protein concentration was determined by the method of Bradford using bovine serum
albumin as the standard (20).
Effects of the maytansinoids on microtubule
polymerization
The ability of maytansine, S-methyl-DM1, and S-methylDM4 to inhibit microtubule assembly was determined by

Figure 1. Structures of maytansine and the maytansine thiomethyl analogues S-methyl-DM1 and S-methyl-DM4.
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incubating MTP (3 mg/mL) with a range of maytansinoid
concentrations (0–20 μmol/L) in the presence of 1 mmol/L
GTP in PEM buffer (30°C, 45 minutes). For sedimentation
assays, the polymers formed were centrifuged (35,000 × g,
1 hour, 30°C). The microtubule pellets were depolymerized at 0°C overnight and the protein concentrations determined (20). The sedimentation assay for each compound
was done at least twice (21). For observing microtubule
morphology, samples were fixed in 0.2% glutaraldehyde
and stained with 0.5% uranyl acetate (21). The images
were acquired at ×50,000 or ×100,000 magnification using
a JEOL 1230 transmission electron microscope at 80 kV.
Effects of maytansine and its derivatives on
microtubule dynamic instability
Microtubule dynamic instability parameters were measured as previously described (22). Briefly, tubulin
(1.5 mg/mL) was assembled on the ends of sea urchin
(Strongylocentrotus purpuratus) axoneme fragments at
30°C in 87 mmol/L PIPES, 36 mmol/L MES, 1.4 mmol/L
MgCl2, 1 mmol/L EGTA (pH 6.8; PMME buffer) containing 2 mmol/L GTP for 30 minutes to achieve steady state.
We used a 100 nmol/L concentration of each compound
to analyze their individual effects on dynamic instability.
Time-lapse images of microtubule plus ends were obtained
at 32°C by video-enhanced differential interference
contrast microscopy using an Olympus IX71 inverted
microscope with a 100× (numerical aperture, 1.4) oil
immersion objective. We identified plus ends of the microtubules by their faster growth rate, greater length changes,
and larger number of microtubules per axoneme end
as compared with the minus ends (22). Microtubule
dynamics were recorded for 40 minutes at 30°C, capturing
10 minutes long videos for each area under observation.
The rates and durations of growing and shortening and
the transition frequencies were determined after tracking
the microtubules using RTM-II software (23) and analyzing using IgorPro software (MediaCybernetics). Microtubules were considered as growing if they increased in
length by >0.3 μm at a rate of >0.3 μm/min. Shortening
events were identified by a >1-μm length reduction at
a rate of >2 μm/min. Fifteen to 25 microtubules were analyzed per condition. The catastrophe (a transition from a
growing or attenuated state to shortening) frequency was
calculated as the total number of catastrophes divided by
time spent growing and attenuated (paused). The rescue
(transition from shortening to growing) frequency was
calculated as the total number of rescue events divided
by total time spent shortening. The dynamicity of microtubules was derived as the sum of the total growth length
and the total shortening length divided by the total time.
Binding of maytansine or S-methyl-DM1 to
soluble tubulin
Maytansine or S-methyl-DM1 (0–20 μmol/L) was incubated with 3 μmol/L tubulin in PEM buffer for 45 minutes at 30°C. The relative intrinsic fluorescence intensity
of tubulin was monitored at 335 nm in a Perkin-Elmer LS
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50B spectrofluorometer using a 0.3-cm path length
cuvette at an excitation wavelength of 295 nm. The fluorescence emission intensity of S-methyl-DM1 and maytansine at this excitation wavelength was negligible.
The inner filter effects were corrected using the formula
Fcorrected = Fobserved · antilog [(Aex + Aem)/2], where Aex is
the absorbance at the excitation wavelength and Aem is
the absorbance at the emission wavelength. The dissociation constant (KD) was determined by the following formula: 1/a = KD/[free ligand] + 1, where a is the fractional
occupancy of the drug and [free ligand] is the concentration of free maytansine or S-methyl-DM1. The fractional
occupancy (a) was determined by the formula a = F/Fmax,
where F is the change in fluorescence intensity when tubulin and its ligand are in equilibrium and Fmax is the
value of maximum fluorescence change when tubulin is
completely bound with its ligand (24). Experiments were
done three times.
Stoichiometry of S-methyl-DM1 binding to
steady-state microtubules
MTP (3 mg/mL) was polymerized to steady state in PEM
buffer, and then different concentrations of S-[methyl-3H]
DM1 (0–4 μmol/L, SA = 145 mCi/mmol) were added
at 30°C and incubated for 1 hour. Microtubules were
centrifuged at 35,000 × g (1 hour, 30°C) through a
0.5-mL glycerol/DMSO cushion (30% glycerol: 10%
DMSO). After centrifugation, the supernatant and the
cushion were aspirated, and the drug bound to the side
of the tubes was carefully removed by overlaying the
pellet with 50% glycerol and subsequently aspirating
the glycerol from the pellet. The pellets were dissolved
in water at 0°C overnight; the protein was measured by
Bradford assay; and binding to microtubules was determined after addition to Ready Protein liquid scintillation cocktail (Beckman Coulter) in a Beckman LS1801
scintillation counter. The mean lengths of microtubules
in the presence and absence of S-methyl-DM1 were determined by electron microscopy (25). Samples were
taken at steady state in the presence or absence of Smethyl-DM1, fixed in 0.2% glutaraldehyde, and stained
with 0.5% uranyl acetate. The images were acquired at
×3,000 magnification using a JEOL 1230 transmission
electron microscope at 80 kV for microtubule length
measurements (21). From the lengths of microtubules,
the amount of the pelleted protein, and the specific activity of S-[methyl-3H]DM1, the binding stoichiometry
of S-methyl-DM1 to microtubules was determined.
The KD for microtubule-S-methyl-DM1 interaction was
determined as the negative inverse slope of a Scatchard
plot of the binding data (26).

Results
Inhibition of microtubule polymerization by
maytansine and its thiomethyl analogues
To determine if the thiomethyl analogues of maytansine
(the metabolites) retained the basic microtubule-targeted
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Figure 2. Concentration dependence for
inhibition of microtubule assembly by
the maytansinoids. A, microtubule protein
(3 mg/mL) was assembled in the absence or
presence of maytansine ( ), S-methyl-DM1
( ), and S-methyl-DM4 (△) in the presence of
1 mmol/L GTP in PEM buffer at 30°C for 45 min.
The microtubules were collected by
centrifugation (35,000 × g, 1 h, 30°C) and
the amount of sedimented protein was
determined. Maytansine, S-methyl-DM1, and
S-methyl-DM4 inhibited microtubule assembly
with IC50s of 1 ± 0.02, 4 ± 0.1, and 1.7 ±
0.4 μmol/L, respectively. Points, mean of two
experiments; bars, SD. B, electron micrographs
of microtubules treated with vehicle
(DMSO), S-methyl-DM1, or S-methyl-DM4.
S-methyl-DM1 showed few aggregates,
whereas S-methyl-DM4 induced extensive
aggregation. Images are at ×100,000
magnification.

▪

effects of maytansine, we compared the abilities of Smethyl-DM1 and S-methyl-DM4 to inhibit microtubule
polymerization with that of maytansine. Microtubule
protein (3 mg/mL) was assembled in the presence or
absence of a range of maytansinoid concentrations (0–20
μmol/L, 30°C, 1 hour) and the mass of polymer was determined by sedimentation (Materials and Methods). Under the experimental conditions used, the half-maximal
concentration for inhibition of microtubule assembly for
maytansine was 1 ± 0.02 μmol/L; for S-methyl-DM1,
4 ± 0.1 μmol/L; and for S-methyl-DM4, 1.7 ± 0.4 μmol/L
(Fig. 2A). Maytansine showed nearly complete inhibition
of microtubule polymerization at 3 μmol/L. S-methylDM1 required a concentration of 20 μmol/L to show a
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similar effect on polymer mass. S-methyl-DM4 did not
show complete inhibition of polymer mass. Instead, a plateau at 75% inhibition of polymerization was reached
between 10 and 20 μmol/L (Fig. 2A). By electron microscopy, we imaged the polymers formed in the absence or
presence of a range of concentrations (0.1, 2, 4, and
20 μmol/L) of maytansine, S-methyl-DM1, and S-methylDM4. At 0.1 μmol/L, the microtubules were intact,
with no detectable aggregates, for all three compounds.
Maytansine (2 μmol/L) nearly completely inhibited tubulin assembly, showing very few microtubules and no aggregates (images not shown). At higher maytansine
concentrations (4 and 20 μmol/L), there were no microtubules or aggregates (images not shown). In contrast, with
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S-methyl-DM1 (2 μmol/L), there was a small number
of small aggregates along with the microtubules. At
20 μmol/L, S-methyl-DM1 showed an increase in aggregate formation. Microtubules predominated, but large
aggregates such as those shown in Fig. 2B were also observed frequently. Specifically, we observed two or three
of the structures shown in Fig. 2B per 150-mesh grid
square. S-methyl-DM4 was the most potent inducer of
aggregates. At 2 μmol/L S-methyl-DM4, we observed
aggregates, as well as normal and some imperfect, ragged
microtubules with loose protofilamentous structure
(Fig. 2B). At 20 μmol/L S-methyl-DM4, more extensive
aggregation of tubulin occurred with no intact microtubules (Fig. 2B), suggesting that that the plateau observed
at higher S-methyl-DM4 concentration was due to the formation of aggregates.
Suppression of microtubule dynamic instability
by the maytansinoids
We analyzed the effects of maytansine, S-methylDM1, and S-methyl-DM4 on the dynamic instability
parameters of individual, reassembled MAP-free bovine
brain microtubules at their plus ends at steady state.
Microtubule growth and shortening occurred predominantly at the plus ends under the conditions used
(Materials and Methods). Life history traces over time
showing the changes in length of individual microtubules in the absence and presence of 100 nmol/L maytansinoid are shown in Fig. 3. We used the life history
traces to determine the dynamic instability parameters
shown in Table 1. Control microtubules displayed typical growth and shortening dynamics (Fig. 3A), whereas
incubation with 100 nmol/L maytansine (Fig. 3B), Smethyl-DM1 (Fig. 3C), or S-methyl-DM4 (Fig. 3D) clearly suppressed dynamic instability. Specifically, all the
maytansine analogues suppressed the growing and
shortening rates and increased the fraction of time in
the attenuated state. The plus ends of control microtubules grew slowly at a mean rate of 1.7 ± 0.2 μm/min,
shortened rapidly at a mean rate of 8.9 ± 0.8 μm/min,
and occasionally persisted in an attenuated or paused
state, neither growing nor shortening detectably (Table 1).
Maytansine (100 nmol/L) significantly reduced both the
growth and the shortening lengths (by ∼40%) and the
growth and shortening rates (by 35%). Dynamicity, a
measure of the overall addition and loss of tubulin at
the microtubule ends per unit time, was suppressed by
45% with 100 nmol/L maytansine.
Interestingly, the thiomethyl maytansinoids were significantly more potent than maytansine in suppressing
the dynamic instability of microtubules. For example, Smethyl-DM1 showed very strong suppression of dynamic instability, significantly suppressing the shortening rate
by 70%, the shortening length by 60%, the catastrophe
frequency by 90%, and the dynamicity by 84% (Table 1).
This is compared with suppression of the same parameters by maytansine by only 35%, 40%, 30%, and
45%, respectively. The other maytansinoid analogue, S-
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methyl-DM4, affected the dynamic instability parameters
in a similar manner as with S-methyl-DM1, suppressing
the same parameters by 56%, 60%, 90%, and 73%, respectively. Moreover, S-methyl-DM1 and S-methyl-DM4 increased the percentage of time microtubules remained
in a state of attenuated dynamic instability (pause) by
41% and 30%, respectively, whereas maytansine had a
negligible effect on the pause state.
Maytansine and S-methyl-DM1 bind to
soluble tubulin
Using the changes in the intrinsic tryptophan fluorescence of tubulin as a probe for ligand binding, we
studied the binding of maytansine and S-methyl-DM1
to tubulin. When excited at 295 nm, increasing concentrations of maytansine (0.5–20 μmol/L) or S-methylDM1 (1–8 μmol/L) showed increasing quenching of
tubulin fluorescence, indicating that both maytansinoids

Figure 3. Effect of maytansinoids on microtubule dynamic instability.
Life history plots of changes in microtubule length at steady state in
the absence and presence of 100 nmol/L compound. A, control;
B, maytansine; C, S-methyl-DM1; D, S-methyl-DM4.
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Table 1. Effects of maytansine, S-methyl-DM1, and S-methyl-DM4 on microtubule dynamic instability
Microtubule dynamic
parameters

Control

Growth rate (μm/min)
1.7 ± 0.2
Shortening rate (μm/min)
8.9 ± 0.8
Percent time growing
23.2
Percent time shortening
14.8
Percent time attenuated
62
Growing length (μm/event)
1.9 ± 0.2
Shortening length (μm/event)
3 ± 0.2
Catastrophe frequency
0.30
(per minute)
Rescue frequency
1.00
(per min)
Dynamicity
1.3

Maytansine
(0.1 μmol/L)

Percent
change

S-methylDM1
(0.1 μmol/L)

1.1 ± 0.2*
5.8 ± 0.5*
24
11
65
1.2 ± 0.1†
1.8 ± 0.9†
0.21

35 (−)
35 (−)
3.4 (+)
26 (−)
5 (+)
37 (−)
40 (−)
30 (−)

1.3 ± 0.4
2.7 ± 0.9†
7.3
5.4
87.4
1 ± 0.1*
1.2 ± 0.2‡
0.03

0.60

40 (−)

0.56

44 (−)

0.50

50 (−)

0.72

45 (−)

0.21

84 (−)

0.35

73 (−)

Percent
change

24
70
70
64
41
47
60
90

(−)
(−)
(−)
(−)
(+)
(−)
(−)
(−)

S-methylDM4
(0.1 μmol/L)
1.3 ± 0.3
3.9 ± 0.4†
15.2
4.2
80.6
1.6 ± 0.1
1.2 ± 0.2‡
0.03

Percent
change

24
56
34
72
30
16
60
90

(−)
(−)
(−)
(−)
(+)
(−)
(−)
(−)

NOTE: Tubulin was polymerized to steady state with axoneme seeds in the presence of 100 nmol/L maytansinoid and the dynamic
instability parameters were determined (Materials and Methods). Fifteen to 25 microtubules were measured for each drug concentration. Data are mean ± SEM.
*P < 0.05, versus (Students' t test).
†
P < 0.01, versus control (Students' t test).
‡
P < 0.001, versus control (Students' t test).

bind to tubulin (Fig. 4A and B). Analysis of the inverse
fractional receptor occupancy of maytansine versus the
inverse of the free maytansine concentration gave an
equilibrium dissociation constant (KD) of 0.86 ± 0.23
μmol/L (Fig. 4A). A similar analysis of S-methylDM1 gave a KD of 0.93 ± 0.22 μmol/L (Fig. 4B), indicating that both compounds bind relatively strongly to
soluble bovine brain tubulin.
S-methyl-DM1 binds to a small number of
high-affinity sites at microtubule ends
To gain understanding of the molecular mechanism
underlying the suppression of dynamic instability by
the maytansinoids, the binding of S-methyl-DM1 to
steady-state microtubules was investigated using S[methyl-3H]DM1. As described in detail in Materials
and Methods, tubulin with MAPs (3 mg/mL) was polymerized to steady state, after which a range of concentrations of radiolabeled S-methyl-DM1 were added and
incubation was continued for 1 hour. The microtubules
and any large sedimentable polymers were collected by
centrifugation through a glycerol/DMSO stabilizing
cushion. The sedimented protein and the associated radioactivity were determined and the lengths of the microtubules were measured by electron microscopy.
Under these conditions, the mean length of the microtubules remained relatively constant (14.4–14.5 μm with a
maximum SD of 4 μm at all concentrations between 0
and 100 nmol/L S-methyl-DM1, and 13.9–14.1 μm with
SD of 4.5 μm at 500 nmol/L–4 μmol/L S-methyl-DM1).
The mean microtubule lengths were factored into the
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stoichiometry calculation (drug bound per microtubule)
for all concentrations. Under the conditions of the experiment (preassembled MAP-rich microtubules incubated
with S-methyl-DM1 for only one hour), the microtubule
polymer mass decreased by <4% at any of the maytansinoid concentrations. S-methyl-DM1 bound to microtubules in a concentration-dependent manner, and the
number of maytansinoid molecules bound per microtubule at various concentrations is shown in Fig. 5 and
Supplementary Table S1. For example, at 0.1 μmol/L,
the concentration of S-methyl-DM1 that suppressed dynamicity by 84% (Table 1), 19 ± 1 S-methyl-DM1 molecules were bound per microtubule (Fig. 5A). Scatchard
analysis (microtubule-bound S-methyl-DM1/free Smethyl-DM1 versus microtubule-bound S-methyl-DM1)
indicated that S-methyl-DM1 has two types of binding
sites on the microtubules or sedimentable aggregates: saturable high-affinity sites and low-affinity sites (Fig. 5B).
The equilibrium dissociation constant for S-methylDM1-microtubule interaction at low drug concentrations
(10–100 nmol/L) was 0.1 μmol/L. However, at higher
drug concentrations (0.1–4 μmol/L), the binding of
S-methyl-DM1 to microtubules and sedimentable aggregates that may have been present at higher concentrations showed a second slope that was not saturated
even at 4 μmol/L; at this concentration, 210 ± 37 molecules of S-methyl-DM1 were bound per microtubule or
sedimentable aggregate. Thus, from the X-intercept of
Fig. 5C and inverse slope, S-methyl-DM1 seems to bind
to 37 high-affinity sites on microtubules with a KD of
0.1 ± 0.05 μmol/L and to a large number of low-affinity
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sites on microtubules and sedimentable aggregates with
a KD of 2.2 ± 0.2 μmol/L (Fig. 5C).

Discussion
We have examined the molecular mechanisms of action of maytansine and its thiomethyl-containing derivatives, S-methyl-DM1 and S-methyl-DM4, on purified
microtubules in vitro. The thiomethyl-containing derivatives were chosen because they represent stable derivatives of the thiol-containing maytansinoids DM1 and
DM4 that were used in the preparation of antibodymaytansinoid conjugates and that are currently in clinical
evaluation. In addition, these derivatives are the main
cellular metabolites of the conjugates and thus may indeed represent the active cytotoxic agents (10).
Inhibition of microtubule assembly by maytansine
showed a steep concentration dependence, exhibited
the most potent inhibition (IC50, 1 ± 0.02 μmol/L), and
induced no formation of aggregates when examined by
electron microscopy. In contrast, the two thiomethyl derivatives exhibited shallow concentration-dependent inhibition gradients and somewhat higher IC50 values,
1.7 and 4 μmol/L (Fig. 2A), and induced tubulin aggregate formation. S-methyl-DM1 induced some small aggregates, particularly at high concentrations (20 μmol/L),
whereas S-methyl-DM4 induced formation of large,
very extensive aggregates (Fig. 2B) at concentrations
≥2 μmol/L, resulting in a plateau in the concentration

Figure 4. Binding of maytansine (A) or S-methyl-DM1 (B) to tubulin.
Maytansine (0.5–20 μmol/L) or S-methyl-DM1 (1–8 μmol/L) was
incubated with 3 μmol/L tubulin in PEM buffer for 45 min at 30°C. The
relative intrinsic fluorescence intensity of tubulin was monitored as
described in Materials and Methods. The plot indicates a dissociation
constant (KD) of 0.86 ± 0.23 μmol/L for maytansine (A) and 0.93 ±
0.22 μmol/L for S-methyl-DM1 (B). The Y-axis shows the inverse of the
fractional receptor occupancy (a) of compound and the X-axis shows
the inverse of free maytansinoid concentration.
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dependence for the quantity of sedimentable polymer
at 25% of the control polymer mass between 10 and
20 μmol/L. However, at 100 nmol/L, the concentration
at which the effects on dynamic instability were measured, none of the compounds induced detectable tubulin aggregation.
We examined the interactions of maytansine and Smethyl-DM1 with soluble tubulin. Maytansine decreased
the intrinsic tryptophan fluorescence of tubulin in a
concentration-dependent manner. Assuming a single
binding site for maytansine on tubulin, linear regression
of the data yielded an apparent equilibrium dissociation
constant (KD) of 0.86 ± 0.2 μmol/L (Fig. 4A), similar to the
KD of 0.7 μmol/L reported previously (4). A similar analysis
using S-methyl-DM1 resulted in a KD of 0.93 ± 0.2 μmol/L
(Fig. 4B), indicating that both maytansine and its derivative
bind to soluble tubulin with relatively high affinity.
We also investigated the binding of S-methyl-DM1 to
microtubules preassembled from purified MAP-rich tubulin. S-[methyl-3H]DM1 bound to the microtubules in
a concentration-dependent manner (Fig. 5A; Supplementary Table S1). At 100 nmol/L, a concentration that
showed strong (84%) suppression of dynamic instability,
19 molecules of S-methyl-DM1 were bound per microtubule. At 1 and 4 μmol/L S-methyl-DM1, approximately
105 and 210 molecules of S-methyl-DM1 were bound per
microtubule or to the relatively rare sedimentable aggregates, respectively. Scatchard analysis of the binding of Smethyl-DM1 indicated two types of binding sites for this
maytansinoid, 37 saturable high-affinity sites per microtubule with an apparent KD of 0.1 ± 0.05 μmol/L, and
several hundred low-affinity sites (Fig. 5B and C) with
a 20-fold higher KD. The affinity of S-methyl-DM1 for
the 37 high-affinity sites on the microtubule is 9-fold
greater than its affinity for soluble tubulin (K D , 0.9
μmol/L). The low number of very high-affinity binding
sites and the strong suppression of dynamic instability
events occurring at microtubule ends (catastrophe, rescue, and shortening; Table 1) suggest that S-methylDM1 potently suppresses dynamic instability through
binding to tubulin at the ends of microtubules, which
have approximately 13 subunits exposed at each end.
The number of high-affinity binding sites is only slightly
higher than the number of exposed subunits at the two
ends. The reasons for the unusual number of 37 binding
sites per microtubule (as compared with 16.8 ± 4.3 highaffinity binding sites for vinblastine and 14.7 ± 1.3 for eribulin; refs. 27, 28) may be due to possible binding at both
microtubule ends, slight fraying at microtubule ends resulting in exposure of additional binding sites, or the
presence of very small maytansinoid-tubulin oligomers
at the microtubule ends (discussed further below).
Suppression of dynamic instability
by maytansinoids
Microtubule-targeted agents inhibit cancer cell proliferation by arresting cells at mitosis and inducing them to
undergo programmed cell death (15). Many of these
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Figure 5. Concentration dependence for
binding of S-methyl-DM1 to microtubules.
A, S-methyl-DM1 binds to microtubules in a
concentration-dependent manner. Points,
mean of three independent experiments; bars,
SEM. B, Scatchard plot showing binding to
both the high-affinity and low-affinity sites on
microtubules. Microtubules were assembled
to steady state (MTP, 3 mg/mL) and then
incubated with S-[methyl-3H]DM1 for 1 h.
Microtubules were collected by centrifugation
through a glycerol/DMSO cushion. From
microtubule lengths, sedimented protein, and
incorporated radioactivity, the stoichiometry of
the binding of S-methyl-DM1 per microtubule
was determined. C, Scatchard plot showing
binding at low drug concentrations and
indicating that there are 37 high-affinity sites at
microtubule ends (KD of 0.1 ± 0.05 μmol/L).

agents do so by suppressing microtubule dynamics at concentrations well below those required to alter microtubule
polymer mass (14, 15). We assessed the effects of maytansine, S-methyl-DM1, and S-methyl-DM4 at a concentration of 100 nmol/L on the dynamic instability of
microtubules. At this concentration, S-methyl-DM1 and
S-methyl-DM4 reduced the microtubule polymer mass
by less than 3% and maytansine reduced it by 20% (Fig.
2A). A lower concentration of 20 nmol/L S-methyl-DM1
was also examined and showed minimal suppression of
dynamicity (∼6% change; data not shown), indicating that
100 nmol/L was in the appropriate concentration range to
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assess the effects of the compound on dynamic instability.
All three compounds suppressed dynamic instability.
Maytansine, as in the case of vinblastine and estramustine
(28, 29), suppressed both the growing and the shortening
rates to similar extents (35%) and the catastrophe and rescue frequencies similarly (30% and 40%, respectively). In
contrast, the thiomethyl derivatives suppressed the rate of
shortening more strongly (56–70%) than the rate of growing (∼24%), and they suppressed the catastrophe frequency (by 90%) significantly more strongly than the rescue
frequency (by only 44–50%). Among the maytansinoids
tested, S-methyl-DM1 most strongly suppressed the
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dynamicity, followed by S-methyl-DM4 > maytansine
(Table 1). Thus, S-methyl-DM1 and S-methyl-DM4 both
stabilize microtubules more strongly than does maytansine. Although no aggregates were detected at the concentration at which the effects on dynamic instability
were measured, it is reasonable to consider that at 100
nmol/L, the maytansine derivatives may have induced
formation of very small, undetected aggregates consisting of from two to a few tubulin dimers, either in solution or at the microtubule ends. Such tightly associated
drug-tubulin complexes may have effectively capped
the microtubule ends, thus inhibiting loss of tubulin
from the ends and preferentially inhibiting catastrophe
and shortening events and the resultant dynamicity.
Thus, they may be responsible for the stronger suppression of microtubule dynamics by S-methyl-DM1 and Smethyl-DM4 than by maytansine. Aggregated tubulin
dimers may also be responsible for the enhanced number of S-methyl-DM1 molecules bound to sedimentable
polymer at concentrations ≥500 nmol/L (60–210 molecules per microtubule; Supplementary Table S1).
Mechanism of suppression of microtubule dynamic
instability by maytansine and its derivatives
Mechanism of suppression of the growth rate. Maytansine and its derivatives suppressed the growth rate of microtubules at 100 nmol/L (Table 1). One possibility is that
the suppression of the growth rate is due to a decrease in
the association rate constant for tubulin addition. Microtubule growth rate is represented as follows:
Rg ¼ Kþ C−K−

ð1Þ

where the growth rate, Rg, depends on the association
rate constant (K+), the dissociation rate constant (K−),
and the concentration of soluble tubulin (C; ref. 30). As
C was not affected by low drug concentrations (100
nmol/L), only a reduction in K+ or an increase in K−
could contribute to the reduction in the growth rate. Because each of the compounds strongly suppressed the
shortening rate also, there was no increase in K−. Thus,
we suggest that a decrease in the association rate constant for tubulin due to the binding of the compound at
the tips of microtubules was responsible for the suppression of the growth rate. Moreover, the propensity of
maytansine to inhibit GTP exchange of soluble tubulin
(31–33) might also have contributed to the decrease in
K+ and thereby suppression of the growth rate.
Mechanism of suppression of the shortening rate, the
catastrophe frequency, and the rescue frequency. Maytansine and its derivatives also suppressed the shortening
rate (Table 1). The loss of a GTP cap at the tips of the
growing microtubules leads to rapid shortening (13).
Therefore, suppression of the shortening rate and the catastrophe frequency must occur by a cap-stabilizing
mechanism. Maytansine, like vinblastine, does not induce GTP-hydrolysis (31). Maytansine is known as a
“pure inhibitor” of microtubule assembly because no
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alternate polymer structures have been detected (34).
Therefore, it is possible that maytansine stabilizes the
GTP- (or GDP-Pi) cap because it neither induces detectable alternative lattice structures nor promotes GTP hydrolysis. In addition, the bound drug molecules may
stabilize the GTP-bound conformation of tubulin at
the microtubule end and thereby inhibit the catastrophe
frequency. Maytansine bound at microtubule ends may
also stabilize the end against shortening by causing a
subtle conformational change in the tubulin at the ends.
The rescue frequency was suppressed by all three maytansinoids to approximately equal extents (40–50%).
Maytansine is reported to inhibit the GTP exchange of
soluble tubulin (31, 32). The failure to exchange GTP
for GDP at the exchangeable nucleotide site on β-tubulin
would result in a shortage of GTP-bound tubulin in the
reaction mixture. It is reasonable to suggest that the lack
of sufficient GTP-bound tubulin inhibits the regain of the
stabilizing cap and thus inhibits rescue.
Comparison of the mechanism of actions of
maytansinoids and vinblastine
Maytansine is a competitive inhibitor of vincristine
binding to tubulin (33). The mechanism of suppression
of microtubule dynamics by maytansine and the thiomethyl derivatives has many of the characteristics of
the classic end-poisoning mechanism of Vinca-domain
agents (15), but with some interesting differences. As in
the case of vinblastine (35), S-methyl-DM1 binds to a few
high-affinity sites at the ends of the microtubules. However, unlike vinblastine, where the dissociation constant
for the high-affinity binding site is ∼1.9 μmol/L (35), the
KD for S-methyl-DM1 binding to the small number of
high-affinity sites on microtubules is 0.1 μmol/L, indicating that it binds to microtubule ends 19-fold more strongly than vinblastine.
Unlike Vinca alkaloids (35), neither maytansine nor
its derivatives induced formation of spirals at the ends
of the microtubules, as we confirmed by electron microscopy. This observation is consistent with previous evidence indicating that maytansine is a potent inhibitor of
tubulin aggregation (5, 34). However, unlike maytansine, S-methyl-DM1 and S-methyl-DM4 induced formation of irregular small or large aggregates at higher
drug concentrations.
Maytansine at a concentration of 100 nmol/L suppressed the growth and shortening rates by 35%, quantitatively similarly to the same concentration of vinblastine
(ref. 36; which suppressed the rates by 34% and 47%, respectively). Both compounds suppressed the catastrophe
frequency by ∼30%. However, in contrast to vinblastine,
which enhanced the rescue frequency (∼200%), maytansine and its derivatives suppressed the rescue frequency
(40–50%). Given that both vinblastine and maytansine
share a binding site on tubulin (5) and that both drugs
bind at the microtubule tips, their contrasting effects on
the rescue frequency are curious. We suggest that these
differences may be related, in part, to their different
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effects on tubulin-GTP hydrolysis and exchange. Only
tubulin dimers with β subunits containing GTP can incorporate into microtubules; continuous replenishment
of the β tubulin GTP, by exchanging GDP with GTP,
is necessary for microtubule assembly. Roach and
Luduena (37) found that maytansine inhibits the formation of a cross-link between Cys12 and Cys 201, a characteristic feature of tubulin depleted of exchangeable
nucleotide, significantly more strongly than vinblastine
(37). The weak effect of vinblastine on tubulin-GTP exchange can be attributed to its inability to make sufficient contact with the COOH-terminal H6-H7 loop
residue Tyr β224 of tubulin (38). In addition, Lin and
Hamel (32) found that vinblastine inhibited the rate
of GTP hydrolysis twice as strongly as did maytansine.
Therefore, we propose that vinblastine promotes attainment of a “GTP-exchange threshold” (due to its significantly weaker inhibition of GTP exchange and its
lower rate of GTP hydrolysis), which is responsible
for the ability of vinblastine to rescue microtubules
from rapid shortening. In contrast, by inhibiting replen-

ishment of β subunit–bound GTP, maytansine may inhibit attainment of the GTP-exchange threshold, thus
suppressing rescue.
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