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ABSTRACT: Fluorescence correlation spectroscopy (FCS) was applied to investigate the stability of tubulin
rings that result from the interaction of-tubulin dimers with three vinca domain-binding peptiges
cryptophycin 1, hemiasterlin, and dolastatin 10. These peptides inhibit tubulin polymerization into
microtubules and, instead, induce the formation of single-walled tubulin rings of 23.8 nm mean diameter
for cryptophycin and 44.6 nm mean diameter for hemiasterlin and dolastatin, as revealed by electron
microscopy on micromolar drugtubulin samples. However, the hydrodynamic diameter and the apparent
number of fluorescent particles, determined from analysis of FCS measurements obtained from nanomolar
drug—tubulin samples, indicate variation in the stability of the rings depending on the drug and the tubulin
concentration. Cryptophycirtubulin rings appear to be the most stable even with tubulin concentration
as low as 1 nM, whereas hemiastertimbulin rings are the least, depolymerizing even at relatively high
concentrations (100 nM). In contrast, the dolastatirbulin rings demonstrate an intermediate level of
stability, depolymerizing significantly only at tubulin concentrations below 10 nM. We also compare the
stability results with those of cytotoxicity measurements taken on several cell lines and note a rough
correlation between the cytotoxicity of the drugs in cell cultures and the stability of the corresponding
drug-induced rings.

Microtubules are a major component of the cytoskeleton diameter is close to 23.8 nrb)( Hemiasterlin and dolastatin
and comprise a central element of the mitotic apparatus of rings contain 14 tubulin dimers, and their diameters are close
the cell. As such, these dynamic polymers have been targetedo 44.8 nm. These results were obtained from several related
in nature by many small molecules that organisms have measurements involving dynamic light scattering, analytical
evolved to achieve ecological advantages. A number of theseultracentrifugation, and electron microsco@+(). In these
natural products have been developed into clinically useful investigations, appropriate pH, salt concentrations and, more
agents. While some are among the oldest known drugs inpointedly, relatively high concentrations of tubulin (typically
continual use (such as colchicine), the detailed mechanism10 uM concentrations) and stoichiometric excess of drug
of action of these agents continues to be a focus of researchwere used to ensure the formation and stability of the rings.
((2) and references therein). Although all of these agents bind  In light of the potent cytotoxicity of these compounds it
to the o-heterodimeric tubulin subunit of microtubules, is desirable to understand the stability of the drtighulin
some agents preferentially bind to the polymerized form and complexes at lower concentrations. Yet, traditional analytical
others to the unpolymerized, dimeric form. The structural methods such as light scattering, turbidity, and ultracentrifu-
consequences of drug binding range from hyperstabilization gation are subject to technical and sample-related factors that
of microtubules, to depolymerization of microtubules, to impose limitations and hinder interpretation of measurements.
induction of aberrant nonmicrotubule polymers. Moreover, electron microscopy, which can provide structural

Currently, a new class of antimitotic natural compounds information on sparse samples, involves procedures that may
is being evaluated for use in the treatment of neoplastic disturb the target macromolecular complexes.
disease. These compounds are small peptides and depsipep- Some of these difficulties can be alleviated by using
tides, which often exhibit potent cytotoxicity and anti- fluorescent techniques to obtain information about the inter-
microtubule activity (for review, see r&). In vitro, these and intramolecular interactions as well as motions of specific
compounds, which include cryptophycin, hemiasterlin, and targets 6—13). In particular, fluorescence correlation spec-
dolastatin, depolymerize microtubules, causing, insteged, troscopy (FCS) has been applied successfully to investigate
tubulin dimers to assemble into closed, single-walled ring- biological samples at nanomolar concentrations (se€léefs
like nanostructures3( 4). In the case of cryptophycin, the and13 and examples therein). FCS uses statistical fluctua-
predominant ring is composed of eight dimers, and its meantions in the fluorescence intensity of a small illuminated
sample volume to study macromolecules or supramolecular

* Corresponding author. Address: LIMB/NICHD, Bldg 9, Room complexes moving in and out of the volume. The measured
1E116, 9 Memorial Drive, Bethesda, MD 20892. Phone: 301-594- fluctuations are correlated in time, and the resulting time-
0359, Fax: 301-480 2030. E-mail: boukarih@mail.nin.gov. delayed correlation function provides measures of the
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microtubule-associated protein; PIPES, piperaifé-bis(2-ethane- concentration and the translational diffusion coefficient of
sulfonic acid); BSA, bovine serum albumin. the fluorescent targets. FCS can probe femtoliter volumes
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of solution, making the technique appropriate for studying fluorophores per dimer, was obtained from Molecular Probes.
solutions with nanomolar concentrations of fluorescent Both were diluted in PIPES buffer (0.1 M PIPES, 1mM
targets. For example, the technique was recently applied toMgCl,, pH7.0) supplemented with 0.1 mg/mL BSA. The
investigate the binding kinetics of colchicine to tubulir) added BSA reduces the interaction of tubulin with the walls
and the exchange of tubulin dimers with microtubul&s)( of the sample holder. Without BSA we noticed a loss of the
Our aim in the present investigation is to study the stability fluorescence intensity with time, as the fluorescent tubulin
of tubulin polymers induced by the interaction of cow-brain tends to stick to the walls of the sample holder.
tubulin with the three small molecules already mentioned:  Cryptophycin 1 was a kind gift from Dr. Susan Mooberry,
the depsipeptide cryptophycin 1 (isolated from cyanobacteria Cancer Research Center of Hawaii. Synthetic hemiasterlin
(16—20)), the tripeptide hemiasterlin (isolated from marine was provided by Dr. Raymond Andersen, University of
spongesZ1—24)), and the tetrapeptide dolastatin 10 (isolated British Columbia. Dolastatin 10 was supplied by Dr. Robert
from shell-less mollusks2@, 25—27)). We focus on a  Schultz, at the Drug Synthesis and Chemistry Branch,
specific set of conditions in which tubulin is lowered to National Cancer Institute, Bethesda, Maryland. All other
nanomolar concentrations, and determine the stability of the chemicals were purchased from Sigma Chemicals, St. Louis,
drug—tubulin polymer rings. From the measured correlation Missouri, unless otherwise noted.
functions we determine the translational diffusion time of  The drug-tubulin samples were prepared as follows: first
the fluorescent particles, enabling us to infer sizes of polymer relatively high concentrations of tubulin (gV) and drug
entities such as rings and/or other macromolecular entities,(8 «M) were mixed in the PIPES buffer to initiate ring
and to compare them with the known diameters of stable polymerization and to ensure structural stability as observed
rings. We also determine how the apparent number of and characterized by other techniqu&s4j. Then, the drug
fluorescent particles in the excitation volume depends on thetubulin solution was diluted in PIPEBSA buffer to a lower
tubulin concentration. This dependence is examined andnominal concentration (100 nM) and filtered through a 0.22
compared with the calculated ratios based on the numbersum pore filter. At this concentration it is possible to perform
of tubulin dimers in the drugtubulin polymer rings (8 for FCS measurements. Lower nominal concentration samples
cryptophycin and 14 for hemiasterlin and dolastatin). We were prepared by diluting these primary samples into the
analyze both measured parameteiftse hydrodynamic di-  same PIPESBSA buffer. The samples were loaded into 40
ameter and the apparent numbér assess the stability of  uL chambers (Grace Bio-Labs, Inc., Bend, Oregon, USA),
the rings as the tubulin solution was diluted to nanomolar which have optically transparent bottom windows made of
scale. We find that cryptophycirtubulin rings are the most  glass coverslips. This bottom part is in contact with the
stable rings, maintaining their structure even at 1 nM objective of the inverted microscope (see “FCS Experimental
concentration of tubulin whereas the hemiastertimbulin Setup” in this Section). All the experiments were performed
rings are the least, dissociating into smaller polymer entities at room temperature (22C).
(likely linear hexamers) even at 100 nanomolar tubulin  C. Cytotoxicity Assaysduman cancer cells used in this
concentration. The dolastatttubulin rings have an inter-  study included MCF7 breast carcinoma, PC3 prostate
mediate behavior, depolymerizing from the stable ring carcinoma, 1A9 ovarian carcinoma, and Ca46 lymphoma and
structure only at relatively low concentrations of tubulin were obtained from the American Type Culture Collection,
(=210 nM). Manassas, VA. Cells were maintained in culture in RPMI
We have also compared the cytotoxicity of these com- medium with 10% fetal calf serum supplement, at &7
pounds in several cancer cell lines representing different with an atmosphere of 5% GQOn air. Cytotoxicity testing
tissues of origin. All three compounds are potently cytotoxic, was performed using the standard sulforhnodamine-based
exhibiting subnanomolar IC50 values, but their relative protocol, as previously described@§]. In short, cells were
cytotoxicity varies by more than a factor of 20. The relative plated in 96-well plates at 2@ells per well and exposed to
cytotoxicity appears to correlate with the relative stability differing concentrations of drugs 1 day after plating. Fol-
of the drug-induced ring polymers. lowing 4 days of incubation, cell growth was assessed after
fixation and staining with sulforhodamine. IC50 value was
MATERIALS AND METHODS taken to be the drug concentration that reduced by 50% the
A. Calibration. For testing and calibration of the FCS growth after 4 days.
setup, we acquired from Molecular Probes (Eugene, Oregon) D. Fluorescence Correlation Spectroscopg. an FCS
highly monodisperse (44 and 104 nm diameter) fluorescent experiment, temporal fluctuations in fluorescence emission
carboxylated-modified polystyrene spheres (catalog num- are utilized to obtain information about inter- or intramo-
bers: F8792 and F8800 respectively with Ex/Em: 540/560 lecular dynamics or molecular motions occurring on micro-
nm) and single-isomer 5-carboxytetramethylrhodamine (TAM- second to second time scales. These fluctuations are induced
RA catalog number: C6121 Ex/Em:542/568). In addition either by the changes in the number of molecules in the open
to the information provided by the company, we applied excitation volume, as they move in and out of the volume,
dynamic light scattering to determine the translational or by changes in the emission quantum vyield of the
diffusion coefficient, and hence the size of the fluorospheres molecules. To obtain high sensitivity, the excitation volume
as well as the dispersity in size of the particles (10% for 44 is made small {1 fL) either by confocal geometry or by
nm and 6% for 104 nm). TAMRA molecule$/(, = 430) multiphoton excitation 11). The time sequence of the
were particularly useful to calibrate the FCS setup at short detected intensity/|(t), of fluorescence emitted by the
time scales £50 us). fluorescent molecules present in the excitation volume at
B. Tubulin and DrugsMAP-free cow brain tubulin, both  time, t, is time-correlated to generate a correlation function
unlabeled and labeled with about 2.6 tetramethylrhodamine defined as
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BI(t)ol (t+7)0 requirements put some limitations on the technique, as shown
Taod (1) by Meseth et al.g1), who demonstrated that the resolution
® limit of FCS depends on several factors including difference

wheredl(t) = I(t) — O(t)denotes the spontaneous deviation N Size between particles as well as their concentration and

of the measured intensity from the average intensity)[] brightness.

Analysis ofG(r) can provide information about the underly-  The problem of polydispersity of brightness is particularly
ing mechanisms responsible for the intensity fluctuations relevant to the interpretation of our FCS measurements since

such as diffusion of the particles, interaction of the particles, the tubulin- molecules in our stock solutions are not neces-
and electronic transitions within the molecules. sarily labeled uniformly. So, instead of thevalue described

For an ideal case of freely diffusing monodisperse and i €d 2 for uniformly bright particles, it is more appropriate
uniformly bright fluorescent particles, a closed-form expres- 0 refer to the limiting factor of the correlation function,

G(r)=1+

sion of the correlation functiorG(z), was derived asg) Napp = 1/(G(r — 0) — 1), as an “apparent number” of fluo-
rescent particles. For noninteracting particles this quantity

G) =1 +ﬁ 1T 1T - @) is given by (3) 2
+—=111+ iQ;
) () AR

. - ) — = (5)

To derive eq 2, it is assumed that the fluorescent particles Napp [TN Q]2

are excited by a three-dimensional Gaussian beam, whose JZ I~

intensity profile is expressed as
where N; is the number of particles of specids,whose

W(r,2) = Ag 2o g=2@2)? (3) fluorescence quantum yield . Because the contribution
of each particle,i, to the overall amplitude, W, is

In eq 3r, andz, define two characteristic sizes: a width of ~ weighted byQ:2, a precise quantification dfi,p, requires a
the focused beam spot and a length along the optical axispriori characterization of the dispersity in the brightness as
defined by the direction of the laser beam. Both sizes are mentioned above.
used to define the excitation volum¥, = 7322z, With In our case, we avoided possible discrepancies and
such a Gaussian beam, one identifies a characteristic timeobtained reliable results by using the same tubulin lot to
7q = (ro)?/4D, for fluorescent particles diffusing along the prepare a primary drugtubulin solution for each drug at
lateral width ¢,) of the focused incident laser beabpeing relatively high concentrations of tubulin and drug as de-
their translational diffusion coefficient. Also in eq & scribed in Materials and Methods. Then, each primary
denotes the average number of particles in the excitationsolution was diluted to obtain drugubulin samples contain-
volume, V, and p = (rJ/z)? is an instrumental constant. ing lower concentrations of tubulin and respective drug. As

Further, we apply the Stokeginstein relation such, the distribution of brightness of the original fluorescent
tubulin was likely to have been preserved in all the diluted
D= ke T @) samples, making it possible to comp#&ig,values between
3nnd,, the diluted samples, as well as between the different-drug

tubulin samples. In addition tdy, we monitored the apparent
to determine the hydrodynamic diametgy, of the diffusing number of fluorescent particleBlyy, to obtain information
particles. In eq 4kg is the Boltzmann constanfl the about the stability of the observed polymer entities such as
temperature of the sample, andhe viscosity of the solvent.  rings and looked for systematic changegj,as a function

E. Data Analysisin practice, the analysis of experimental of tubulin concentration.

correlation functions (eq 1) is not generally straightforward  For this paper we simplify by fitting the data with the
and depends implicitly on the inherent characteristics of the expression in eq 2 to determine a hydrodynamic diameter,
samples at hand. These samples may contain fluorescently, and an apparent number of fluorescent particles in the
particles which not only are polydisperse in size but also excitation volumeN,p,, = 1/(G(z — 0) — 1). We find that
polydisperse in brightness, making it difficult to interpret the expression fits well the experimental correlation functions
the measurements (see ré&and29for discussion). Indeed, collected from the various drugubulin samples (see Results
like for dynamic light scattering and similar scattering below). It is not our premise that this observation is
techniques30), extracting the distribution of sizes from the experimental evidence for the presence of only one particular,
measured FCS correlation functions requires solving a monodisperse, structure of tubulin polymer freely diffusing
mathematical inverse problem, a challenging task since thein the solution. In fact (see below), it is likely that some of
problem is ill-posed 29, 31). For example, a group of our samples contain several tubulin polymer structures,
diffusing particles having three distinctly different sizes might including incomplete rings. In this paper the reported
yield a correlation function that is indistinguishable from that hydrodynamic diametedy, merely represents a measure of
deriving from a continuous distribution spanning the same the principal, average size of the fluorescent particles in the
size range. Moreover, for a complete and consistent fitting solution. Nonetheless, in many instances we find very good
of the FCS correlations, a priori knowledge of the distribution agreement when the experimendialis compared with the
of brightness of the diffusing fluorescent particles is required. corresponding diameter calculated from a model of expected
This information cannot be derived from the correlation structure.
functions but, rather, must be obtained separately from other F. FCS Experimental Setu@ur custom FCS instrument
measurements such as photon histograh3 29). These utilizes an Olympus IX70 inverted microscope with a 60X,
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Ficure 1: Schematic diagram of the FCS setup.

1.2 N.A., water immersion objective and confocal collection In addition, because we applied relatively low laser power
optics. In Figure 1 we show a schematic diagram of the (2.6 W), we did not observe any significant other effects
experimental setup. For fluorescence excitation, a 1.5 mW such as triplet transitions or photobleaching. We attribute
543 nm incident HeNe laser beam (Uniphase, San Josethe measured intensity fluctuations to changes in the number
California, USA) was first expanded and then focused by of fluorescent particles diffusing freely in the excitation
the objective onto a small spot with lateral radiug £ 1 volume, and fit the measured correlation functions to the
um). However, only a few microWatts of the laser intensity expression given by eq 2. FCS data do not easily yield
was used in the experiments in order to reduce photobleach-absolute particle numbers or distributionsdpf (see “Data
ing and excitation of molecular triplet states. The emitted Analysis” in Materials and Methods for a more detailed
fluorescent beam was collected by the same objective anddiscussion). Hence, the values obtained from fitting the data
focused onto an optical fiber (OZ Optics, Carp, Ontario, are the average hydrodynamic diameter and the apparent
Canada) that has a small core diameter. The small diametenumber of the fluorescent particles in the excitation volume.
(10 or 25um) of _th(_a.fiber ensures the confoc_al detection A Tubulin without Drug (Control)Jt is important to
necessary for delimiting the small volumes of interdsi ( characterize the original rhodamine-labeled tubulin samples
For detection and pho_tocountlng, two avalanchg photodlodesprior to being mixed with any of the drugs. In particular,
(SPCM AQ-14, PerkinElmer EG&G, Vaudreuil, Canada) the gispersity in size of the fluorescent particles needs to be
were used in a cross-correlation mode to reduce the effects nown and, possibly, quantified so that we can compare the
of spurious detector afterpulsing on the correlation function, measured sizes of the particles present in the original tubulin
which is especially important for short time scaleslQ us). samples with those of the drug-induced tubulin polymers.
The pulses of the photodiodes were processed by a digitalin Figure 2 we plot a measured correlation function of a
correlator (BI-9000AT, Brookhaven Instruments Corp., typylin sample and, for comparison, we include in the same
Holtsy|ll_e, NY) wh!ch calculated the correlation func.t|on. figure the correlation function of a cryptophyeitubulin
A bl_JlIt—ln c_utoff. filter was used. to remove occasional sample prepared with tubulin and excess of drug. We also
spurious spikes in the detected signal. show the correlation function for a sample of rhodamine
RESULTS (TAMRA) diluted i_n water, _used asa standard for calibration.
The three correlation functions, which were taken over-a 10
Our results indicate that FCS methods are well suited to 30 min period, are normalized to highlight the shift in the
investigating the stability of ring polymers of tubulin induced time scale due to the increase of the size of the fluorescent
by these drugs. Since the basic data are fluctuations inparticle, rhodamine being the smallest and hence the fastest
fluorescence intensity with time, it was essential to control diffusing particle. More significantly, the figure shows the
sources of intensity variation other than those due to diffusion shift when cryptophyciatubulin complexes are compared
of the subject particles. For comparison between the variousto tubulin alone, indicating an increase in the size of the
drug—tubulin samples, we used the average fluorescencefluorescent particles following polymerization into tubulin
intensity in all primary and diluted samples as an indicator rings. Roughly, the characteristic timey,, for which
of the amount of fluorescent tubulin present in each sample. N, {G(r) — 1) = 0.5, of the cryptophyciftubulin sample
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Ficure 2: Normalized experimental fluorescence correlation curves
of rhodamine (TAMRA) used as standard, rhodamine-labeled
tubulin, and cryptophycintubulin samples, plotted as a function
of the delay timez. Note the shift in the characteristic timays,
when cryptophycin is added to the tubulin sample, indicating
polymerization of the tubulin dimers into rings (see text and Figures
3a and 4a).

is about 3 times longer than that of the tubulin sample. A fit
of the data with the expression given in eq 2 yietlis=
6.5+ 1 nm for the tubulin sample, whereds = 18.9 &+

1.5 nm for the cryptophyciatubulin sample. This result
demonstrates that the addition of cryptophycin to the tubulin
solution is responsible for the increase in the hydrodynamic
diameter, reflecting the polymerized state of the cryptophy-
cin—tubulin compounds.

As pointed out in “Data Analysis” in Materials and
Methods, the good fit of the data in Figure 2 with the
expression in eq 2 does not imply monodispersity in size
and/or brightness of the fluorescent diffusing particles. The
dy value of each sample represents an average value of
hydrodynamic diameter of the diffusing fluorescent particles,
which can be compared with that derived from an appropriate
model. In the case of tubulin, we can model the dimer as a
rigid structure composed of two identical spherical beads in
contact with each other and calculate the diameter of the
beads,d, using the relatiordy = 1.4d (32, 33). From the
measuredly, we calculated = 4.7 + 0.8 nm (meant S.D,

n = 5), which, within the experimental error, agrees with
the geometrical mean value (4.8 nm) of the known dimen-
sions of the compact ellipsoid shape of tubulin monomer
(width = 4.6 nm, height= 4.0 nm, depth= = 6.5 nm) 34).

We emphasize, though, that this two-bead model is an
approximation to the rather nonspherical, asymmetric shape
of the actual tubulin monomers. For the cryptophyein
tubulin sample, we further discuss the model in the following
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Ficure 3: Experimental+(-) and fitted () fluorescence correlation
. . . curves of (a) cryptophyciatubulin, (b) hemiasterlirtubulin, and

B. CrytophyCIﬁ—Tubulln Sampleln Figure 3a we plot' (c) dolastatin-tubulin polymers, plotted as a function of delay time,
correlation functions measured from several cryptophycin 7. 'The data are fitted to the expression given in eq 2 (see text).
tubulin samples. The fluctuating signal was correlated over Each curve is labeled with the concentration of the tubulin solution.

Section.
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a 10-40 min time period depending on the concentration a sy
of tubulin. Also in Figure 3a are included the fitting curves - (42): Criptophyein- Tubulin
of the measured correlation functions. Using the values of g i

ro and p derived from calibration (see Materials and
Methods), we determined two parameters by least-squares
fitting the measured correlation functions: the hydrodynamic
diameter, dy, and the apparent number of fluorescent
particles,Nagp

In Figure 4a, we plot they values for these samples as a
function of the tubulin concentration. Note thét appears
to be independent of tubulin concentration. The mean value
of thesedy is 19.8 nm. This measured hydrodynamic
diameter can be related to the actual size of the fluorescent [
particles by choosing an appropriate model for their structure. s |
To analyze the data we used two equivalent approaches. First, '
we combined the experimentdl with the known geometry . NN A
of the cryptophycir-tubulin rings to obtain the actual 0 20 40 80 80 100 120
diameter and, from that, an estimate of the monomer size. Tubulin-Concentration (nM)
Second, we started with the reported diameter of the
cryptophycin-tubulin ring and calculated the expecteg
which we compared with the experimental value.

In approach | we started with the known structure of the
rings induced by binding of cryptophycin 1 to tubulin. This
is a ring of eight dimers, or 16 monomers. Sinceand 3
tubulin monomers are globular and very close in size we
modeled the ring as a rigid ring of 16 identical spherical
beads in contact with each other. We calculated the average
diffusion coefficient of 16-bead rings of various sizes using
the expression derived by Yamakawa and Yama).(This
analysis indicates that a ring withy = 19.8 nm (the mean
value in Figure 4a) has a diameter of 24.2 nm. This value is
very close to the 23.8 nm value obtained by cryo-electron
microscopy (Figure 4C of re§). A 24.2 nm ring composed
of 16 identical spherical beads also indicates that the diameter .
of the individual beads is~v4.7 nm. This is in notable 0 20 a0 60 80 100 120
agreement with bead (monomer) size obtained for the tubulin Tubulin-Concentration (nM)
sample alone (see “Tubulin without Drug” above). .

In approach Il we started with the 23.8 nm diameter ring L (40): Diolastatin-Tubulin
of beads obtained from cryo-electron microscopy measure-
ments B). Using the method of Yamakawa and Yamaa&)(
we calculated the hydrodynamic diameter todhg= 19.2,
which is shown as a solid line in Figure 4a. We did a similar
calculation using the HYDRO protocol of de la Torre et al.
(32, 33) and obtained a value al., = 19.04 nm. Both
calculated values are very similar and are similar to the
experimental valuedy = 19.8 nm. Thus, by both approaches
| and Il, the average value obtained fdy of the crypto-
phycin—tubulin complexes is consistent with a 23.8 nm
diameter ring composed of 16 identical beads-@.6 nm
diameter.

Since this value is obtained even after significant dilution
(Figure 4a), these results indicate that the ring geometry is R R R
stable even at tubulin concentrations as low as 1 nM, and 0 20 40 60 80 100 120
for at least tle 6 h period of the experimental run. Had the Tubulin-Concentration (nM)

Crypmphyc,m_tUbu“n rings depolymerized, a shift of the FiGURe 4: The hydrodynamic diameter of the fluorescent polymer
apparent size to lower values would have been observed. structures determined from FCS correlation functions obtained from
A consistent result can be obtained by analyzing the (a) cryptophycir-tubulin, (b) hemiasterlirtubulin, and (c) dola-
change of the apparent number of fluorescent partiblgs, statin-tubulin, shown as a function of the tubulin concentration.
as a function of the tubulin concentration. In Figure 5, we In all samples the ratio of drug to tubulin was kept constant, [Drug]/

lot N f - f1h buli ion for th [Tubulin] = 1.3. The solid lines are the calculated hydrodynamic
plot Napp as a function of the tubulin concentration for theé  giameters of the stable rings, which were characterized by other

cryptophycin-tubulin samples, as well as for the hemiaster- techniques using relatively high concentrations of tubuib M).
lin—tubulin and dolastatintubulin samples discussed below. The results indicate that the rings are differentially stable to dilution.
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1o T T T T T the sample. Though not shown in Figure 4b, we determined
I ] the hydrodynamic diameters of these fluorescent particles
Hefniasterlin Tubulin | to be close to the known diameter for stable hemiasterlin
» tubulin rings.

An additional result consistent with the observation of
depolymerization of hemiasterkrtubulin rings £100 nM)
can be drawn from analysis of the apparent number of
8o / particles Nap, shown in Figure 5. When compared at a given
Cry

80

app

ptophyciniTubulin - tubulin concentration, the valud,p, of the hemiasterlin
] tubulin sample is larger than that of the cryptophygimbulin
/ sample. This is contrary to the results expected for stable
; hemiasterlin-tubulin rings. That is, if the hemiastertin
/ . tubulin rings were stable, one should have observed a smaller
/ / PolastatiniTubulin number of particles than that seen in the corresponding
P cryptophycin-tubulin solution, since complete hemiasteflin

I 7 v — ] tubulin rings contain 14 tubulin dimers whereas cryptophy-

40

20

cin—tubulin rings are formed with 8 dimers (recall that the
total concentration of tubulin in the solutions is the same.)
It is possible to estimate the average number of tubulin
dimers in the hemiasterlintubulin polymers by comparing
Tubulin-Concentration (nM) the slopes of the linear dependencies\gf, as a function
FIGURES: The apparent number of fluorescent particles determined Of the tubulin concentration. If, as indicated above, we
from fitting eq 2 to measured FCS correlation functions, plotted as attribute the cryptophycintubulin curve to stable rings
gf””?i‘i”t?fl.the t“bﬁ‘(””tconcep"?“‘[’[)”~ '”};’ﬂ fﬁmef éheNgatteiO of composed of eight dimers, the ratio of the slopes of the
rug to tupulin was Kept constant, ru .o, . : . . . .

thatgthe observed nuth))er of fluorescentgparticles in the hemiaster-h(?mIaSterIIFHUbUIIn and cryptophycmtu_bulln curve_s Im- .
lin—tubulin samples is larger than that of cryptophyeiabulin plies that the average number of dimers in the hemiasterlin
sample, contrary to what is expected for the larger size of tubulin polymers is 3.13, close to 3. It is not clear what
hemiasterlin-tubulin rings (see text). A straight line with zero  structure these 3 dimers have formed. However, if we assume
intercept implies dilution without dissociation in this concentration 5 qlinear hexamer (6 rigid beads of 4.7 nm diameter), we

range. Cryptophycin rings show this behavior. Dilution with L
dissociation will result in more complex behavior. While we draw Cc&/culated to be 11.8 nm&2, 33), which is very close to

a straight line for the dolastatin data, the increasigfcompared the average value of 12.5 nm of the measured hydrodynamic
to cryptophycin at concentrations 10 nM indicates dissociation  diameter (see Figure 4b).

of the dolastatin rings (see Figure 4c and discussion in the text). D. Dolastatin-Tubulin Sampleln contrast to the cryp-
tophycin—tubulin and hemiasterlintubulin samples, the
dolastatin-tubulin samples show an intermediate stability
behavior. In Figure 3c we plot measured and fitted correlation
functions obtained from some of the dolastatinbulin
samples. Similarly, we show in Figure 4c the hydrodynamic
diameters determined from the measured correlation func-

correlation functions obtained from the hemiastetlinbulin tions and the expected hydrodynamic diameter calculated

samples. In Figure 3b we show some measured and fittedfrOmM the known size of the stable dolastattbulin rings

correlation functions obtained from several samples prepared!Sing the bead ri_ng model with 28 4.7 nm beadsdy =
with different tubulin concentrations. In Figure 4b we plot 30-3 NM 89), dn = 29.7 nm @3)). Although the measured

the hydrodynamic diameter as a function of the tubulin hydrodynamic diameters indicate a tendency of the dola-
concentration and, for comparison, include the calculated Statin—tubulin rings to depolymerize, it is only at a rather
hydrodynamic diameter for stable hemiasterfinbulin rings ~ 10W concentration ([Tubulin}< 10 nM) that a significant

derived from the bead ring model with 28 4.7 nm beads change is observed in the hydrodynamic size. In addition,
(dy = 30.3 nm @5), dy = 29.7 nm 83)). Noticeably, FCS at the lowest (3 nM) tubulin concentration, we observed a

measurements of the hemiasteribulin samples show a syste_matic decr.ease in the appgrent hydrodynamic diameter
different stability behavior than those of cryptophyein with time following the preparation of the sample (data not
tubulin samples. Instead of the expected ring diameter, theShOWn.)

measuredly is much smaller. This suggests that the rings  As expected, at sufficiently high concentration, the ap-
depolymerized into smaller fluorescent entities. To make sure parent number of fluorescent particles in the dolastatin
that complete hemiasterlirtubulin rings did, indeed, form  tubulin solution is lower than that in the corresponding
before depolymerizing upon dilution, we prepared a hemi- cryptophycin-tubulin sample (see Figure 5). Indeed, given
asterlin—tubulin sample containing 50 nM of rhodamine- the known numbers of tubulin dimers in dolastattabulin
labeled and 4.9%M unlabeled tubulin mixed with &M rings (viz., 14) and cryptophycirtubulin rings (viz., 8), the
concentration of hemiasterlin. The relatively high total ratio between the concentration of cryptophyeiabulin
concentration of tubulin ((xM) ensured the formation and  rings and that of dolastatitubulin rings should be 14/&
stability of the rings, while the small amount of labeled 1.75 for identical concentrations of tubulin. As calculated
tubulin allowed us to measure the correlation functions of from the data, the ratiblapfor cryptophycin-tubulin to Napp

-

o 20 40 60 80 100 120

In cryptophycin-tubulin samples, we notice what appears
to be a linear dependenceldfy,on the tubulin concentration.
As with the behavior ofly, this is another strong indication
of the stability of the rings.

C. Hemiasterlin-Tubulin SampleSimilarly to the cryp-
tophycin—tubulin samples, we measured and fitted the
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Table 1: Cytotoxicity of Various Peptide Drugs on Different Cell Table 2: Comparison of the Sizes Measured by FCS and Other
Lines. We List the Values, Expressed in Nanomolar, of the Drug Techniques

Concentration (IC50) that Reduces by 50% the Rate of Cell Growth
after 4 days of Incubation

measured inferred size from diameter of
dy by FCS dy based on shape stable ring$

drug 1A9 PC3 Ca46 MCF7 (nm) (nm) (nm)
cryptophycin 1 0.01 0.016 0.012 0.01 cryptophycin-tubulin - 19.8+2 24.2+ 3" 23.8
dolastatin 10 0.05 0.08 0.06 0.04 hemiasterlir-tubulin ~ 12.5+ 2 incomplete rings 44.6
hemiasterlin 0.24 0.6 0.2 0.3 dolastatin-tubulin 28.0+3 38.8+ 4.6 44.6
vinblastine 1.1 1.9 1.1 1 [tub] > 10 nM
taxol 5 8 6 6 dolastatin-tubulin 18.0+ 2 incomplete rings 44.6
[tub] =3 nM

for dolastatir-tubulin varies between 1.4 and 2.3 for tubulin dy;;;‘fcccﬁf;g:% dig\;ﬂfntggi I?r:g m;ersrtfgcftruorz égearngasg;e:d f:%/ndéo-
: P ; Hy
concentrations larger than 3 nM, consistent with the exp.ectedm ade of a numbem of 4.7 nm beads (see text arg5)) b The number
value. That is, more fluorescent particles are present in theof heads:m= 16. © The structure of the depolymerized hemiastetlin
cryptophycin-tubulin sample than that of its corresponding tubulin rings is not known. It is likely to be composed of three tubulin
dolastatin-tubulin one. (The variation in the value of the dimers, which can be modeled as linear hexamers of 4.7 nm beads
ratio can be attributed to slight but significant differences in sisr?estsc(;s)g dlﬁsrm?ebder ?;S{i,i‘l?“tf Zi';emeegrﬁrinitssr (()Etlt]g StEal\t/)lIe )
the tubulin concentration following the preparation, filtering, (Sege refs3-5.) P y by q o
and dilution of the samples, and to the depolymerization trend
of the rings as suggested by the measured hydrodynamicypnarent number of fluorescent particles as the concentration
diameter, see Figure 4c). For 3 nM tubulin concentration, o t,bulin was lowered to the nanomolar range.
wheredy of the dola_statiﬁtubulin sample has signiﬂcantly Three drugs-cryptophycin, hemiasterlin, and dolastatin
decreased, the ratio falls below 1, another indicator of \yere studied. Table 2 summarizes the results of the FCS
significant depolymerization of the tubulin polymers into  measyrements on samples of various concentrations. At

smaller entities. Overall, the fact that the ratio of the number relatively high concentrations-(L «M), results obtained from

of cryptophycin-tubulin rings to that of dolastatiftubulin = 4her techniques (electron microscopy, dynamic light scat-
rings is generally close to the expected value of 1.75, whereasering and ultracentrifugation) suggest that the main polymer
the ratio for the cryptophycintubulin to hemisasterlin structure is a single-walled ring with mean diameter ranging

tubulin is less than 1 over all tubulin concentrations, indicates from 23.8 (cryptophycin) to 44.6 nm (hemiasterlin and

that dolastatir-tubulin rings are much more stable than g|astatin). As the concentration of tubulin is lowered, FCS
hemiasterlir-tubulin rings. - measurements on these drug-induced tubulin rings at room
E. Cell Culture and Cytotoxicity Measurementshe  temperature reveal different levels of stability of the rings.
principal focus of this study was to examine differences in \yj;in cryptophycin, the FCS measurements indicate that the
the stabilities of the riqg polymers induced by these different rings are very stable: no depolymerization was observed in
agents. However, antitubulin agents are also known to vary samples of nanomolar tubulin concentrations. In hemiaster-
considerably in cytotoxic potency. Therefore, we also jin_typulin samples, the rings depolymerized even at 100
compared the relative cytotoxities of these agents. We wishedn tybulin concentration. However, the dolastattabulin
to compare these agents in side-by-side assays with the samggmples show an intermediate level of stability; only at low
test cells, and to compare the results relative to the stabilitiesypylin concentration{ 10 nM) was significant depolym-

found by FCS. . . erization observed.
In Table 1 we list the IC50 values derived for the different  The in vitro stability of the drugrtubulin rings appears to

cell lines using the drugs studied here (cryptophycin, r5ughly correlate with the cytotoxicity of the drugs in
hemiasterlin, and dolastatin.) For comparison we include the jitrerent cell lines. Indeed, Table 1 indicates that crypto-
ICSO vqlues of (eference drugs, ta_xc_)l and vinblastine. We phycin is the most potent cytotoxic drug, followed by
first notice the high level of cytotoxicity of the drugs when  qjastatin and hemiasterlin in the same order as the stability
compared with taxol or vinblastine. Second, when compared qf ing structures indicated by the FCS data shown in Figures
with each other, cryptophycin appears to be the most toxic, 4 and 5. This result corroborates that of Lobert et 3)(
followed by dolastatin and hemiasterlin. Interestingly, this o investigated a class of C-2todified vinca alkaloid
trenq_in the drug cytotoxicity correlates rather well with the congeners and discovered a strong correlation between the
stability of the rings. ability of a compound to induce the formation of tubulin
SUMMARY spirals and its cytotoxicity against_ a leukemic cell Ii_n_e,
L1210. However, we are not proposing that the cytotoxicity
A primary interest in Fluorescence Correlation Spectros- of these agents is due to bulk conversion of cellular tubulin
copy (FCS) is its suitability for applications to solutions of into the drug-tubulin ring polymers studied here. Previous
nanomolar concentrations of fluorescent probes. The tech-studies 20, 37) of cellular uptake of cryptophycin and
nigue is particularly attractive in situations requiring the use dolastatin reveal that, at concentrations near the 1C50, these
of small quantities of costly or rare materials. In this study, drugs are concentrated intracellularly manyfold over the
we successfully applied FCS to measure the translationalextracellular concentration. Yet, the resulting intracellular
diffusion coefficient of rhodamine-labeled tubulin dimers, concentration is still much lower (as much as 1000-fold) than
as well as parameters of drug-induced tubulin polymers. the total cellular tubulin concentration. This is quite different
More importantly, we determined and monitored changes from the slight stoichiometric excess of drug over tubulin
in the measured translational diffusion coefficient and the used in our studies, and indicates that cytotoxicity is likely
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due to drug mediated disruption of microtubule dynamics
as suggested in those studi@®,(37), rather than massive
conversion of tubulin to the ring form. We plan further
studies of drugrtubulin interaction at substoichiometric ratios
of drug to tubulin, to address the question of cooperativity
of ring formation and, consequently, the possible role of ring

formation in the mechanism of cytotoxicity.
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