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ABSTRACT. Cryptophycin-1 is the parent compound of a group of cyclic peptides with potent antineoplastic
activity. Cryptophycins are thought to function by modulating the dynamic instability of spindle
microtubules, and in vitro are known to bind in an equimolar ratio tgsttebulin subunit and to induce

the formation of ring-like complexes. However, the detailed mechanisms whereby the cryptophycins interact
with tubulin are not known. We have investigated the origin of the conformational changes in tubulin
both biochemically and by electron microscopy and image analysis. Cryptophycin was found to protect
botho- andf-tubulin against proteolysis by trypsin, indicating conformational changes in specific regions
of both subunits. The ring mass was determined to-Be81 MDa by sedimentation velocity combined

with dynamic light scattering and by STEM, indicating a complex of eightimers. Statistical analysis

of rings imaged by cryoelectron microscopy revealed 16-fold symmetry, corresponding to eight dimers.
Computational averaging based on this symmetry yielded an image of a 24 nm diameter ring, at 2.6 nm
resolution, that clearly distinguishes intradimer contacts from interdimer contacts, and allows discrimination
of a-subunits froms-subunits. Fitting of the tubulin dimer crystal structure into this projected density
map indicates two points of curvature: a°litradimer bend and a 32nterdimer bend. We conclude

that drug binding to one subunif) results in two bends per dimer, affecting both subunits.

Tubulin is the principal protein of microtubules (M¥), assemble into lineaxSo... polymers (protofilaments) that
but has the interesting capacity to form a number of other, comprise the wall of the MT. The GTP is hydrolyzed after
non-MT, polymers. Even MT are not a uniquely defined incorporation into the lattice of the MT polymer, meaning
structure, but can have different forms. In addition to the that the bulk of the MT is composed of GDP-bound tubulin.
common _single 13—protofiIament.polymer, tubulin is known GDP-bound tubulin preferentially adopts a benrts con-
to occur in MT with other protofilament numbers, as well figyration, resulting in curvedo,3... protofilaments. These
as in doublet and triplet MT (as in axonemes and basal ¢rved protofilaments appear to break off from the ends of
bodies), and other configurations. For a review, seelref o T |attice to form double-nested rings with an average

bi l\(qun—M'fr pOIVTir]S of tubulin ahre oflten {orn:ﬁdtfollolvmg diameter of~48 nm Q). Cryoelectron microscopy studies
Inding otone ot the many small molecules that aré Known ..o qemonstrated that GBRibulin rings occur in multiple
to interact with the tubulin dimer. These include the natural . . : . .
S . : S different sizes and forms, including nested doublets with
allosteric ligands, the guanine nucleotides. The tubulin dimer ter rin 14 15 or 16 dimer§
assumes different conformations depending on the phospho-Ou errngs ot 12, 15,0 ers)(
rylation state of the guanine nucleotide bound to the Both literature and intuition suggest that the curvature
B-subunit. The tubulin dimer with GTP bound in the results from changes in th@-subunit, because this is the
B-subunit adopts a straight conformation that is able to one that binds the nucleotide that undergoes a change in
phosphorylation status. The structure of the tubulin dimer,
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A large and diverse group of natural and synthetic small provided by R. Schultz (Drug Synthesis and Chemistry
molecules are known that disrupt MT polymers and poison Branch, National Cancer Institute, National Institutes of
mitosis, notably, drugs that bind to sites named for colchicine Health). Other reagents and enzymes were obtained from
or vinblastine. For a review, see réf Many but not all of Sigma-Aldrich Chemical Co. (St. Louis, MO).
these compounds induce formation of aberrant polymers. Formation of CryptophycirTubulin Complexeslubulin
Vinca alkaloids and a number of other agents bind to and Cryptophycin-1 were diluted with MME buffer to give
B-tubulin in a region near the E-site that has been termedfinal concentrations of 2.&M tubulin and 3.75«M cryp-
the “vinca domain” 8). This region includes the binding site  tophycin (or others as indicated), and then incubated for 30
for the vinca alkaloids per se and their competitive inhibitors min at room temperature. Dolastatin-10 complexes were
such as maytansine and rhizoxin. In addition, there is anformed in a similar fashion.
overlapping binding surface that is the focus of interaction  Proteolysis of TubulinThe effects of drug binding on
for a number of tubulin-binding peptides. These natural tubulin conformation were monitored by partial proteolysis
product peptides and depsipeptides are tri- and tetrapeptideas described previoushi). Tubulin at 10uM in MME
structures, both linear and cyclic, and are typified by was incubated for 20 min at room temperature withp20
cryptophycin, dolastatin, and hemiasterl).(These com- drug additions as indicated. Proteolysis was then performed
pounds all have the ability to prevent MT polymerization, with trypsin, chymotrypsin, or subtilisin. Trypsin or chy-
resulting not in the simple polymerization inhibition seen motrypsin was added in a 1:40 ratio by weight to tubulin
with other compounds such as the colchicine site ligand (enzyme final concentration of approximately:M). The
podophyllotoxin but instead in the formation of ring-like reaction mixture was immediately transferred to an ice bath
polymers of tubulin 8, 10). and maintained for 30 min. Leupeptin was added to a final

These compounds are among the most potent antimitoticconcentration of 5&M to stop the trypsin reaction, while
agents known, with cytotoxic I§ values in the picomolar ~ phenylmethanesulfonyl fluoride was added to a final con-
range B). They are competitive inhibitors of each other, centration of 2.5 mM to stop the chymotrypsin reaction. The
noncompetitive inhibitors of vinblastine binding, and without subtilisin reaction was carried out with enzyme added at a
effect on colchicine binding. Their common binding site has 1:50 ratio by weight to tubulin, and the reaction was allowed
been termed the “peptide site” of the vinca domaini(1) to proceed for 30 min at 22C. The reaction was stoppped
and is probably located of-tubulin near the E-site1Q). with 2.5 mM phenylmethanesulfonyl fluoride. The samples
They have in common the properties of being similarly sized were then processed for SDS gel electrophoresis on NuPage
hydrophobic peptides that bind to tubulin with a 1:1 4—12% gels (Invitrogen-Novex, Carlsbad, CA).
stoichiometry per tubulin heterodimer. In addition, they share ~ Analytical Ultracentrifugation and Dynamic Light Scat-
the ability to induce single-protofilament ring polymers of tering. Cryptophycin-tubulin ring polymers were analyzed
tubulin, distinct from the nested-doublet rings formed with by sedimentation velocity and dynamic light scattering.
GDP, and the stacked-doublet rings coassembled with HIV- Sedimentation velocity data were recorded at@Qusing a
Rev (13). Beckman XLA analytical ultracentrifuge (Beckman Coulter,

However, the peptide-induced rings differ from each other Fullerton, CA) equipped with absorption optics. Sedimenta-
in their structural details. The clearest example of these fion coefficients were derived using software provided by
differences is that provided by the cryptophyeiabulin Beckman Co_ulter. Dynamic light scattering analysis was
rings ©). Having diameters of approximately 24 nm, these performed using a Brookhaven Instruments Corp. (Holtsville,
rings are significantly smaller than the GDP-, dolastatin-, or NY) laser light scattering spectrometer equipped with an
hemiasterlin-induced rings which have diameters 40 nm argon ion laser and a BI'2030AT'd|g|taI correlator. D'|ffu5|on
(9). Hence, the curvature of the dimers is greater in these COefficients were obtained using software provided by
rings than in the other cases. Cryptophyeinbulin rings ~ Brookhaven Instruments. _
may therefore provide an unusually clear substrate on which  S¢anning Transmission Electron Microscopy and Mass
to investigate the question of how curvature is induced in Analysis.Specimens were applied to titanium grids bearing
linear polymers of tubulin dimers; is it primarily an in- Prewetted thin carbon films, washed 10 times by serial
tradimer effect induced ifi-tubulin, as proposed for Gpp ~ transfer on drops of 20 mM ammonium acetate, blotted to a
tubulin rings 6), or are changes also induceddrtubulin, thin film, frozen in liquid nitrogen, and allowed to dry for
or in the dimer-dimer contact? To address these questions, 6~8 h at a constant sublimation rate. Tobacco mosaic virus
we have examined the dragubulin complexes both bio- particles were included as internal mass standards (131.4
chemically and by cryoelectron microscopy and computa- kDa/nm). Digital micrographs were recorded in the dark-

tional image analysis. field mode of the Brookhaven STEM at 1.0 nm/pix&[r).
Mass determinations of rings were made by interactive
MATERIALS AND METHODS analysis of the STEM micrographs using PIC prograiv}. (

Cryptophycin-tubulin rings were prone to breakage during

Materials. Tubulin was isolated from rat brain microtubule  grid preparation; consequently, only a total of 55 well-
protein (L4) by differential polymerization as described preserved particles were measured. Dolastatibulin rings
previously (5). Tubulin stock solutions were prepared at were even more fragile and frequently tended to undergo
25 mg/mL in MME buffer [100 mM MES, 1 mM MgG| ring opening and fragmentation; therefore, mass-per-unit-
and 1 mM EGTA (pH 6.9)], drop-frozen in liquid nitrogen,  |ength measurements were taken. A total of 55 particles were
and stored at-80 °C. measured.

Cryptophycin-1 was a kind gift from S. Mooberry (Cancer Electron MicroscopySpecimens for cryoelectron micros-
Research Center of Hawaii, Honolulu, HI). Dolastatin-10 was copy were applied to copper grids bearing continuous thin
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carbon films, blotted, and frozen in liquid nitrogen-cooled 0 Trypsin Chymotrypsin Subtilisin
liquid ethane using a Reichert KF80 cryofixation device 0o 1 2 3 4 1 2 3 4 1 2 3 4
(Leica AG, Vienna, Austria). Continuous carbon films were

used because it was found that the rings adsorbed to carbon .“m--“ %0
and were consequently depleted from the holes in fenestrated c':: J . -35
films. Specimens were visualized with a CM200-FEG  gy- bt g . _—
electron microscope (FEI, Mahwah, NJ) fitted with a model ' :

626 cryoholder (Gatan, Pleasanton, CA) and operating at 120

kV. Micrographs were recorded at 38000magnification FiGure 1: Tubulin conformation probed by protease digestion.

_ . Tubulin—drug complexes were probed by proteolysis and separated
and :.3'1_3'6 Hm dgfocus under Iovy dose conditiond. by SDS gel electrophoresis as described in Materials and Methods.
Specimens negatively stained with uranyl acetate were Samples were probed with no enzyme (0), trypsin, chymotrypsin,

examined with a Zeiss EM 902 electron microscope at or subtilisin. Enzyme-digested samples contained no drug (lane 1),
30000x magnification (Carl Zeiss, Thornwood, NY). Mag- rhizoxin (Iang 2), Cryptophycin-1 (lane 3), or Dolastatin-10 (lane
nifications were calibrated with reference to the 4.0 nm axial 4)- The location of molecular mass markers of 50, 35, and 25 kDa

. . : are denoted on the right, top to bottom. The location of the band
spacing of MT @0) as measured by Fourier analysis of produced by tryptic cleavage gftubulin after K392 is indicated

micrographs. by fCol. The amino-terminal fragments produced by tryptic
Image ProcessingCryoelectron micrographs, previously —cleavage ob-tubulin and chymotryptic cleavage gftubulin are
determined by optical diffraction to be well-stigmated and denoted byaN andiN, respectively.
free of drift, were digitized on a SCAI densitometer (Z/I ) , , o
Imaging, Huntsville, AL) at 0.37 nm/pixel. The positions of cleavage sites are differentially affected by Qrug b'”d'“g-
the first zeros in the contrast transfer functions (CTF) ranged /ocal conformational changes, and changes in association
from (3.2 nm) to (3.5 nm) . Micrographs were corrected state (re_\newed in reR7). F_|gure 1 shows the resu}ts of
for CTF effects using CTFMIX Z1, 22). Particles were  Proteolytic cleavage of tubulin by trypsin, chymotrypsin, and
preprocessed (extracted, normalized, and corrected forSuPtilisin, following incubation with no drug (lane 1),
background gradients) in a semiautomatic fashion using the'hizoxin (lane 2), cryptophycin (lane 3), or dolastatin (lane
program X3D 21) and then processed further with PIT8], 4). W_e will first focus on the results with trypsin, and th_en_
Briefly, 577 rings were translationally centered by cross examine the results with the other two enzymes. Trypsin is

correlation and then analyzed for the presence of rotationalkNOWnN to cleave the native tubulin dimer at two sites: after
symmetries using FULLROTASTAT, a refined version of *R339 and aftefk392 (2, 16, 28). Both sites are located
the program originally described by Kocsis et a23Y on the face of the tubulin dimer exposed on the outer surface

Sixteen-fold symmetry was found to be statistically signifi- ©f microtubules. As shown (Figure 1), both cleavages are
cant in the radial zone that encloses the tubulin ring. This is Prevented by cryptophycin ring formation. Binding of

in fact a pseudosymmetry because the strong low-resolution’NiZ0Xin to the vinca site is sufficient to prevent the
signal does not discriminate betweenand3-subunits; the ~ /-cléavage but does not alter thecleavage. Dolastatin ring
true symmetry is 8-fold (see the Results). The rings with formgﬂon or vinblastine spiral formation (data not shown)
the strongest 16-fold symmetry were each 8-fold sym- addltlonally_ reqluqes the extent af-cleavage, but only_
metrized and then subjected to two cycles of correlation CYPtophycin eliminates both. In contrast to the results with
alignment for orientation and origin. In principle, the rings [FYPSin, chymotrypsin cleavage gftubulin afterfY281 is
could have adsorbed to the carbon support film with either little altered by cryptophycin, although it is enhanced by
face in contact with it. These two modes of attachment dolastatin. Subtilisin cleavage of a small acidic carboxyl-
produce the same projection image, but with opposite hands.terminal peptide from both subunits, reducing their mass by
The data were made consistent in this respect by in each™~2 kD&, is also little altered by cryptophycin binding.
case selecting the enantiomer that gave the higher correlatiorC'YPtoPhycin thus appears to alter the conformation of
with the current reference image. The OMO algorithm was Particular regions oft- as well asf-tubulin, while having
used to remove outliers, prior to averagirgfl The final little effect on nearb_y regions of thﬁ—gubunlt, or the
average image, including 228 particles, had a resolution of ¢&rPoxyl-terminal regions of both subunits.

2.6 nm @5). To determine the intradimer curvature, the  Analytical Ultracentrifugation and Dynamic Light Scat-
tubulin heterodimer (PDB entry 1JFF) and the individual ~ tering. Rings were analyzed by analytical ultracentrifugation
and -subunits were modeled into the projected electron and dynamic light scattering to determine their mass. The

| -25

density map using the program Q. results are presented in Table 1 for cryptophydinbulin
rings and, for comparison, dolastatitubulin rings. The
RESULTS sedimentation velocity of the cryptophyettubulin rings

indicated a homogeneous population of 15S particles, while

To investigate the cryptophycirtubulin ring polymers,  dynamic light scattering yielded a diffusion coefficient of
we first examine the biochemical evidence for structural 1.8 x 10-7 crm? s 2. Combining these yielded a ring mass
change induced in tubulin by cryptophycin binding. We then of 0.77 MDa, indicating a ring of eight tubulin heterodimers
chgracterize the rings structurally and analyze in detail the (100 kDa each). Attempts to obtain a ring mass by equilib-
points of curvature. rium ultracentrifugation were not successful due to continual

Limited ProteolysisThe conformation of tubulin in the  upward drift in apparent molecular mass during the long
cryptophycin ring polymers was initially probed by limited equilibrium times required for a particle of this size. The
proteolysis. Tubulin is relatively resistant to proteolysis, but need for short run times due to tubulin decay has been noted
a few sites on the protein are cleaved by proteases. Thesereviously @9).
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Table 1: Structural Characteristics of Peptidaubulin Rings

centrifugation and light scattering

microscopy diffusion
diamete? widthe mass/length mas$8 sedimentation  coefficient masé  no. of
complex (nm) (nm) (kDa/nm) (MDa) coefficient (S) (x10"cn?s) (MDa) dimers
Cryptophycin-1  23.8: 0.09, 228 6.3t 0.17,228 11 0.8&0.01, 55 15 1.8 0.77 8
Dolastatin-10 44.6: 0.2, 41 5.2+ 0.06, 41 12.9£ 0.3,55 ND 20 1.3 1.4 14

aDrug used to induce tubulin ringg Diameter of the ring, as determined between peak maxima, of cross sections of azimuthally averaged rings.
Cryptophycin rings in vitreous buffer and dolastatin rings in negative stain. Me&&M, number of particles.Width of ring, as determined at
the level of the background, of cross sections of azimuthally averaged rings. Cryptophycin rings in vitreous buffer and dolastatin rings in negative
stain. Meandt= SEM, number of particles! Mass-per-unit-length, as determined by STEM. For cryptophycin, the value was calculated from the
mean diameter and mean mass values of rings. For dolastatin, the value was measured on rings that had open&ENMeamber of particles.
¢Mass, as determined by STEM. Values for dolastatibulin rings were not determined due to fragmentation of particles (but see footnote d).
Mean4 SEM, number of particles.Mass, as calculated from sedimentation and diffusion coefficients with the Svedberg eddati@RTD(1
— vp). v was taken to be 0.736, and= 1.

mass analysis gives a value of 0.810.09 (SD) F0.01
(SEM)] MDa for each ring. This result, although obtained
from a limited data set, is very similar to that obtained by
analytical ultracentrifugation and dynamic light scattering
and is consistent with a complex of eigh{s tubulin
heterodimers. Analysis of dolastatitubulin rings, by
comparison, indicated a ring composed of 14 heterodimers,
consistent with previous resultd3). The mass-per-unit-
length values, for both cryptophyeinand dolastatirtubulin
rings, are close to 12.5 kDa/nm, as expected for a single
tubulin protofilament (Table 1).

Negatve Stain Electron MicroscopyThe induction of
tubulin rings by cryptophycin was monitored by negative
stain electron microscopy (Figure 2B). The rings were stable
and showed little breakage during grid preparation. They also
appear to be relatively round, and although some show
angularity, this is not consistent from particle to particle.
None of them appear to be octagonal. The rings appear to
be single; i.e., they are neither nested nor stacked double
rings as is sometimes observed in other instan&®s (
although no definitive side views were observed to confirm
the latter. The STEM data and analytical ultracentrifugation
results (above) and the symmetry analysis (below) indicate
that the rings are in fact single, i.e., not stacked. The rings
appear to be slightly heterogeneous in diameter but uniform
in thickness (see also Table 1). Distinct subunits can be
observed at the edges of some particles.

Cryoelectron Microscopy and Symmetry Analysia

FiGure 2: Cryptophycin-tubulin rings visualized by STEM and
negative stain electron microscopy. (A) Cryptophyeinbulin rings
prepared by freeze-drying and visualized by STEM. Analysis of
the rings gives a value of 0.8t 0.01 MDa (meant SEM). The
long bright object is a TMV virion serving as an internal mass
standard (131.4 kDa/nm). (B) Cryptophyeitubulin rings as
visualized by negative staining with uranyl acetate. Some of the

particles show angularity at a few points (open arrowhead). Distinct
subunits are visible at the edges of some particles (filled arrowhead).

The bar is 100 nm long.

STEM and Mass Analysighe cryptophycinr-tubulin rings

pursue the possibility of two cryptophycin-induced confor-
mational changes in the tubulin heterodimer, as suggested
by the limited proteolysis results, we analyzed the rings by
cryoelectron microscopy and computational image analysis.
The initial attempts to visualize cryptophyettubulin rings

by cryoelectron microscopy using holey carbon films failed
when the particles could not be located within the fenestra-
tions. Use of continuous carbon films circumvented this
difficulty but at the cost of introducing a higher level of noise
into the images. Micrographs were selected that showed

were also analyzed by STEM to determine their mass. The numerous well-contrasted ice-embedded particles (Figure
rings were more disrupted by freeze-drying during prepara- 4A), and these data were corrected for phase contrast transfer
tion for STEM than when supported by negative stain function (CTF) effects 21, 22). Particles § = 577) were
(below), frequently breaking open and fragmenting (Figure preprocessed and then analyzed for the presence of rotational
2A). Cryptophycin-tubulin rings were, however, somewhat symmetries. To determine the symmetries of the complexes
more stable than dolastatiubulin rings observed under the  quantitatively, we employed a statistical procedure for
same conditions (not shown). As in negative stain, the rings rotational symmetry detection that has been described in
show some size heterogeneity (Figure 2 and Table 1). STEMdetail previously 13, 23). In essence, the procedure involves
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region between the presumptive heterodimers is less dense
106 *—o—o—o than within the dimers, and occurs at a slightly lower radius
(Figure 4C,D). The serrated appearance of the periphery of
the map suggests that the side of the dimer normally facing
the inside of the MT is now on the outside of the ring, as
has been proposed for GBRubulin rings @). Consequently,
the heterodimer is being viewed from the side, i.e., as seen
from the adjacent protofilament. The polarity of the serra-
tions, as depicted in panels C and D of Figure 4, suggests
that the S-subunit is the one on the left in each dimer,
analogous to the stathmitubulin complex 80). Also, the
subunits within each dimer have a slightly different density
105] distribution, with that of the one on the right, and presumably
the a-subunit, being more dispersed (this is best observed
. . . . . . when interactively adjusting the contrast). The corresponding
115 120 125 180 185 140 projected density distribution of the tubulin dimer, calculated
Radius (A) from the atomic coordinates (PDB entry 1JFF) with B-soft
Ficure 3: Detection of 16-fold symmetry in cryoelectron micro- (31), also shows that the density of thesubunit is more
graphs of cryptophycintubulin rings. Two statistical measures of ~ dispersed, supporting the above assignment. It should be
significance were employed to determine the presence of rotational, a that the 26 A resolution attained here would normally
symmetries in rings43). The Student's test assesses, at each _ T .
radius, which orders of symmetry are significantly represented in N0t be sufficient to discriminate between and/-subunits,
the population. The vertical scale represents the probability that Were they for example in a linear polymer; however, the high
the symmetry in question could have arisen at random. For this curvature inherent in these rings accentuates the difference
data set, only 16-fold symmetry was significantly above a threshold petween intra- and interdimer contacts, allowing subunit

of P < 107 (®). The program does not calculate probabilities . P : P :
smaller than 16, so the plotted probabilities are truncated at this lden'tlflcatlon.even .m the case of “ml.tEd rgsolutlon.
value between radii 0£120 and 140 A. The spectral ratio product  Given a uniform ring composed of eight dimers, there must

[SPR ©)] is calculated as follows for each symmetry and each be 45 of curvature per dimer, with this occurring either
radius. Each image.is representeq by the (atio between the amplitudehetween dimers, within dimers, or both. Visual inspection
of the corresponding term of its Fourier transform (in polar suggests that at least some of the curvature is occurring

coordinates) and the corresponding mean amplitude for background,, ..+~ . : . .
images; these ratios are multiplied together. The resulting producﬁ'\/Ithln the dimer. To determine the degree of intradimer

rapidly approaches zero as the number of particles increases, excepgurvature, tUbl_J"n was modeled into the electron dens!ty map
when a symmetry is present. In essencettiest shows if a given  both as a “straight” dimer (PDB entry 1JFF) and as individual
symmetry is statistically significant and over what radial range, o- and -subunits using O26) with the S-subunit on the

while the SPR shows where that symmetry is most strongly |eft and the C-terminal helix of each subunit facing toward
expressed. In this analysis, 16-fold symmetry was the only harmonic the inside of the ri Fi 4E). All rotati in th

detected as being significant, peaking at radirdf25-135 A, in e inside of the ring (Figure 4E). All rotations were in the
the middle of the ring wall. plane of the ring. Compared to the straight conformation,

there are 13 of curvature between the- and S-subunits,

the calculation of two statistical measures to determine the and therefore 32between heterodimers.
significance of all symmetries present at all radii for the full
data set by comparison with the corresponding signals from DISCUSSION
a reference set of background images. Multiple rotational Switching between conformational states is a common
symmetries can be detected, provided they are sufficiently means of regulating biological activity. Such conformational
representedh the population shifts are often regulated by the phosphorylation status of

Sixteen-fold symmetry was found to be statistically bound guanine nucleotide2). Altering, exaggerating, or
significant, as determined by théest, and it was maximal  preventing these conformational shifts affords a mechanism
in the radial position corresponding to the middle of the by which added drugs can alter biological processes. All of
tubulin ring, as shown by the ratio product (Figure 3). these events occur in the tubukMT system, in which the
Individual particles exhibiting 16-fold symmetry were further switch from bound GTP to GDP converts the tubulin
screened visually to eliminate those affected by distortion heterodimer from a straight, MT-polymerization-competent
or contamination (Figure 4B). These particles were then form to a “bent” form that cannot polymerize into MT but
8-fold symmetrized, subjected to two cycles of translational can form various other curved polymers. Many antimitotic
and rotational alignment according to handedness, and finallydrugs can induce curved polymers of tubulin, in particular,
averaged (see Materials and Methods). By applying 8-fold vinca domain-binding drugs. Hence, understanding the
symmetry to the individual 16-fold symmetric particles (a structural origins of curvature in these polymers is important
valid operation because they are composed of heterodimers}o understanding the regulation of MT function and the action
prior to aligning them, we were able to improve their of many antimitotic drugs. We have chosen to study the ring
registration. The program OM@4) was used to remove polymers induced by Cryptophycin-1 because these rings
outliers before a final average was calculated from 228 have the highest curvature of known tubulin polymers. We
particles (Figure 4C). wished to determine whether curvature originated in a single

The resulting image shows eight bilobed densities uni- region of the tubulin heterodimer, near the E-site and the
formly arranged in a ring. The two lobes within each such presumed vinca binding site, or if there is more than one
density are assumed to lbe and S-tubulin subunits. The  point of curvature.
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D

Ficure 4: Cryptophycir-tubulin rings visualized by cryoelectron microscopy and image processing. (A) Field of particles preserved in a
film of vitreous buffer on a thin continuous carbon film. Distinct subunits are visible at the edges of some patrticles (filled arrowheads). (B)
Two-fold enlargements of particles such as those seen in panel A. (C) Cross-correlation average image of particles previously 8-fold
symmetrized (bar is 10 nm long). (D) Comparison of the projection of a curved dimer (upper), cropped from panel C, compared with a
similar projection of a straight dimer (lower) calculated from the published atomic coordinates for tubulin (PDB entry 1JFF). (E) Fitting of
the a- and S-tubulin subunits into the projected cryo-EM envelope of the ring.

It has been argued that the bent form of the dimer is the cryptophycin-induced alteration of tubulin structure at the
low-energy form of GDP-bound tubulirb), and the origins regions of cleavage by subtilisin or chymotrypsin. These
of the bend have been discuss&j ). Because only the regions are the extreme carboxy termini of both subunits,
B-tubulin G-binding site can be in GTP or GDP forms, it and the M-loop near Y281, respectively. In contrast, sites
has been suggested that this is the site of structural changef trypsin cleavage are altered by cryptophycin-induced ring
that results in a bent form of the dimer and in curved formation.

polymers, like the nested doublet GDP ring polymers. These  Trypsin is known to cleave at two sites on the tubulin
have been shown to have considerable flexibility in diameter gimer: afteraR339 and aftepK392 (16, 28). Thea-cleav-

and hence in curvatur@); Therefore, it might be proposed  age occurs in the loop between helix 10 and strand 9. The
that drugs that bind near the E-site and which induce  g-cleavage, which occurs in the loop between helices 11 and
formation of curved polymers do so by altering the extent 12, is enhanced by binding of colchicine to the tubulin dimer,
of curvature induced in a region of the protein already apparently due to unfolding of the C-terminal end of helix
responsible for induction of curvature. Alternatively, the 11 (16). Both cleavage sites are on the face of the tubulin
drugs might alter the conformation of a second site, leading dimer exposed on the outer surface of the microtubule, and
to two sites of curvature, presumably due to conformational are in regions that appear to be involved in subunit contacts
changes at the (single) binding site propagating through thein the microtubule. The:-site is involved in lateral interac-
dimer. Indeed, evidence for two sites of curvature has beentions with the neighboring protofilament, while tifeloop
reported in the stathmintubulin complex 80). The cryp- is involved in longitudinal interactions between dimes38)(
tophycin-tubulin rings provide an attractive model for Microtubule polymerization or zinc sheet formation sup-
examining this question because they are single-filamentpresses cleavage at both sit@8)(

polymers and contain only eight' d!mer§ in the ring (Tab!e The cleavage of tubulin by trypsin is altered by the binding
1). Thus, the problem becomes distinguishing between a ring¢ vinca site drugs. Vinca site agents bind&aubulin in a

with either 8 or 16 points of bending. Our data support the region near the E-site8). This is adjacent to the HHH12

latter model. loop that is the site of tryptic cleavage, and simple occupancy
Conformation of Tubulin in Cryptophycin Rings As As- of the vinca site appears to be sufficient to render this loop
sayed by Limited ProteolysiShe conformation of the tubulin  resistant to cleavage. Thus, rhizoxin, which binds to tubulin
subunits in the dimer and in the ring form can be compared dimers and does not induce any polymer formati8 (
by probing their susceptibility to proteolysis. Because suppresses the cleavagefads well as the vinca agents that
proteases cleave at several different known sites, the changedo induce polymer formation. Vinblastine and dolastatin,
in conformation of different regions of the tubulin molecules which bind in the same region but do induce curved polymer
can be compared. Our results show that there is little formation, reduce the level of cleavage @f as well as
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preventing cleavage gf. Only cryptophycin completely = pseudosymmetry. The radial range over which this signal
suppresses cleavage at both sites. Suppression of thevas detected as statistically significant, and where it was
a-cleavage in microtubules or in zinc sheets is due to burial strongest, are shown in Figure 3.
of this site in the lateral interaction between neighboring  On the basis of the assumption that each ring contains
protofilaments. This may account for the partial suppression eight dimers arranged with consistent polarity, we applied
of cleavage by vinblastine because vinca spirals may be8-fold symmetry to the individual images. This operation
composed of two laterally associated protofilamer34).( improved their signal-to-noise ratio by a factor of almost 3,
However, this cannot be the case for the cryptophycin which proved to be sufficient to allow the dimers to be
polymers, because the ring polymer consists of a single aligned consistently with respect to the rotational setting of
filament of tubulin dimers. Simple protofilament formation the rings (i.e., without half-overlap) and handedness by
per se is not sufficient to suppress this cleavage becausecorrelational averaging (cf. Figure 4C). This latter operation,
trypsin cleavage ot is still observed with the single-filament  combining 228 rings, further improved the signal-to-noise
dolastatin ring polymers. However, the extent of cleavage ratio by a factor of~15.
of dolastatin polymers is reduced relative to the control  The averaged images revealed a ring clearly composed of
(Figure 1, compare trypsin lanes 1 and 4), and this may eight slightly curved heterodimers with a clear distinction
reflect occlusion of the cleavage site due to outward curvature between the subunits within each dimer. The subunits within
of the filament. Complete suppression by cryptophycin could a dimer have a slightly different density distribution, with
then be due to the greater curvature of the smaller rings.that of thea-subunit being more dispersed, similar to what
Therefore, the suppression of cleavagewgtibulin must be has been observed previously for GBabulin double rings
due either to a conformational change induced.itubulin (3). Because the perimeter of the ring is serrated, we can
by the binding tq3-tubulin or to protection of this region of  assume that the outside of the ring corresponds to the side
o-tubulin by the intrusion of thg-subunit of the neighboring  normally facing the inside of the MT3J, in which case the
dimer in the curved filament. We believe that the cleavage j-tubulin subunit in each heterodimer is positioned coun-
of a-tubulin must be due to a conformational change induced terclockwise relative to thex-tubulin subunit when the
in a-tubulin by the binding of cryptophycin tg-tubulin. complex is depicted with the hand shown in panels C and D
The proteolysis data indicate that cryptophycin binding of Figure 4. The subunits within heterodimers appear to be
does not massively alter the structure of tubulin because nojoined by a region of density at a radius slightly higher than
new bands are seen with any of the proteases. Furthermorethat which exists between dimers. The distance between the
some regions of the protein appear to be completely centers of mass of the subunits within a dimer is slightly
unaffected by binding, because subtilisin and chymotrypsin less than that between dimers, approximately 4.3 versus 4.8
cleavage are neither enhanced nor inhibited. However, thenm, respectively. Aside from this difference in spacing, the
results do indicate that cryptophycin binding induces changessubunits are uniformly distributed around the ring. The
in at least two regions of the heterodimer: one in the curvature is 13 between subunits within a dimer, and°32
o-subunit and one in thg-subunit. These two sites of between subunits from adjacent dimers.
conformational change may indicate two points of curvature  Thus, the curvature induced in tubulin by cryptophycin
in the formation of the ring. To examine these possibilities occurs at two sites, but the curvatures at the two sites are
further, we decided to pursue, first, an objective analysis of unequal in magnitude. The intradimer bend is only slightly
the symmetry of the rings and, subsequently, an imageincreased over the value of dXeported in the helical
reconstruction based on this symmetry. stathmin-tubulin complex 80). The interdimer bend is
Symmetry Analysis of Cryptophycin Rings by Cryo-EM and significantly increased over the value of°lf®und in the
Image AnalysisPreliminary analysis of the cryptophycin stathmin-tubulin complex, and is the main origin of the
polymers by negative stain electron microscopy showed themincreased curvature of the cryptophycin rings compared to
to be generally round. However, in no instance was it the GDP rings or the stathmin complex. Kinesimbulin
possible to confidently ascertain their symmetry by inspec- (38) and Rewv-tubulin (13) rings have also been described,
tion. When the particles were visualized by cryoelectron but in these cases, no intra- or intersubunit angles were
microscopy, their appearance was considerably more roundreported. Because the interdimer bend is likely near the
suggesting that the particles in solution are probably uni- binding site of the drug, it suggests that small changes in
formly circular (Figure 4B) and that some distortion is the structure of the drug can have large effects on the
introduced when they are dried down in stain. The actual conformation of the drugtubulin complex and the polymers
symmetry of the particles was, however, still not clear. that it forms by altering the detailed interaction with this
To determine the symmetry of the rings, a quantitative, site. This may be the explanation for the larger rings formed
objective statistical procedure was applied to the cryo-EM with dolastatin (14 dimers) and for those report@) (with
data @3). This procedure can detect multiple rotational Cryptophycin-52 (9 dimers), a close analogue of the Cryp-
symmetries (polymorphism) when present in a population tophycin-1 used in this study. Our preliminary results (not
of particles 85—37). However, the only signal detected with  shown) also indicate that biologically active analogues of
these data was 16-fold symmetry. There is a possibility that Cryptophycin-1, structurally similar to Cryptophycin-52,
there might be a few rings with other symmetries, but if so, induce ring polymers larger than those described here.
they are so few and their signal is so weak that they did not Cryptophycin-1 is the parent compound of a family of
register as significant in this analysis of the population as a potent antimitotic macrolides thought to function by modu-
whole. The 16-fold signal corresponasd 4 nmspacing of lating the dynamic instability of spindle microtubules, and
subunits around the ring and does not discriminate betweencurrently undergoing clinical evaluation as antiproliferative
o- and S-tubulin subunits; as such, it in fact reports a agents 89). However, the mechanisms whereby the cryp-
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tophycins interact with tubulin are not known. Taken

together, our results suggest that the binding of cryptophycin

to tubulin induces two points of curvature per heterodimer;
one involving local changes in th&subunit and a second
involving long-range changes that affect tiksubunit. Both
conformational changes would be expected to affect MT
dynamics.
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