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A high-throughput model for screening anti-tumor agents
capable of promoting polymerization of tubulin in vitro'
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ABSTRACT

AlM: To establish a high-throughput model for screening anti-tumor agents capable of promoting the polymeriza-
tion of tubulin in vitro. METHODS: Tubulin was prepared in different purity for two screening steps. The first
step was a high-throughput screening (HTS) for a set of 1500 samples using the GTP-containing tubulin and the
end-reading method. The second step was performed on 119 hits from the first screening by a kinetic assay with
GTP-lacking tubulin. RESULTS: The HTS for 1500 samples was accomplished in less than 3 h. From the
screening, 108 samples were identified with >20 % promotion activity at 10 mg/L. Five of 108 were further
confirmed by the kinetic assay using the purified tubulin subsequently. Three of the hit compounds were Epothilone
A or its analogs, the other two compounds had new structures with a common pharmacophore for cytotoxic
natural products that stabilize microtubules. Inan MTT test, the five selected samples from the screening showed a
minimal 1C, at 0.28+0.06 nmoal/L to Helacells. CONCL UTION: Thetwo-step screening method isahigh-throughtput,
cost-effective, and efficient approach to identify microtubul e-stabilizing agents.

to anew concept of drug discovery!. A large number
of hypothetical targets are incorporated into molecular-
or cell-based assays and exposed to many compounds
representing numerous variations on a few chemical
themes or, more recently, less variations on a greater
number of themes in HTS configurations. The HTS
method is now widely used, and will certainly acceler-
ate the generation of leading compounds for further
development as a useful therapeutic agents.
Microtubule is an important component of eukary-
otic cytoskeleton that is essential for separation of the

INTRODUCTION

Discovery compounds that exhibit specific
features, such as binding, inhibiting or catalytic
properties, is a central task in drug development and
medical applications. The advances in genomics,
bioinformatics, combinatorial chemistry, cell-based
assays, and high-throughput screening (HTS) have led
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duplicated chromosome pairs during mitosis. It also
has many other significant functions in cells, such as
intracellular transportation, maintenance of cell shape,
cellular locomotion, and transmission of signals between
cell surface receptors and nuclear effectors?. The an-
timitotic drug Taxol® (paclitaxel), elucidatedin 1971 from
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the Pacific yew tree Taxus brevifolial®, has undergone
extensive clinical development as a result of its effi-
ciency in the treatment of refractory ovarian cancer
and its potential value for the treatment of breast, lung,
and other cancers™. The primary target of paclitaxel is
the tubulin/microtubule system. Paclitaxel promotes
hyperstabilization of microtubule, which is resistant to
depolymerization conditions, such as calcium and cold
invitro™®, and arrests cells in mitosis, eventually |ead-
ing to cell death®. That is to say, paclitaxel can en-
hance microtubule polymerization so as to be called
microtubul e-stabilizing agentsin contrast to vinblastine,
cochicine and other antimitotic compounds, which in-
hibit microtubule polymerization both in vitro and in
cellsll. The success of paclitaxel in therapies of hu-
man tumors as well as disadvantages lead to renewed
interests in searching and developing novel compounds
that mimic the activity of paclitaxel®.

The methods for screening microtubul e-stabiliz-
ing agents usually employ the purified tubulin and its
polymerization-depol ymerization reaction in vitro!¥,
which islamed in HTS mainly because of the efficient
preparation of tubulin, the expense for purification of
tubulin, the maintenance of purified tubulin activity, and
high-throughput detection of polymerization of micro-
tubule in vitro*®, Furthermore, the samples used in
screening are often crude and contain various com-
ponents, which might greatly affect the reaction of po-
lymerization of microtubulesin vitro and lead to false
results. In this paper, we described an economic HTS
method for screening microtubule-stabilizing agents
from natural products.

MATERIALS AND METHODS

Materials and instruments GTP was purchased
from Amesico Co, DEAE-Sephadex and Sephadex G-
50 were the products of Pharmacia Co. Paclitaxel
(Taxol®) was purchased from Sigma Co with 97 %
purity (HPLC). Other reagents and solvents used in the
experiments were of analytic grade. Hitachi 55P-72
centrifuge was employed in the experiments.

Samples used in the screening assay were mainly
microbial metabolites, which were either crude, sepa-
rated or purified by HPL C or other separation methods.

Eight-channel Eppendorf pipette was used for lig-
uid handling. SPECTRAmMax 190 96-well reader (Sigma
Co) was used for colorimetric detection. The 96-well
plates used for the screening were the products of Sigma

Co.

Preparation of tubulin The method™>*! was
modified for purification and preparation of tubulinsfrom
pig brain tissue. All operationswere at 2 °C unlessindi-
cated otherwise. Fresh pig brains were homogenized
with the solution containing 1 mol/L monosodium
glutamate and 0.1 mmol/L GTP. The homogenate was
centrifuged at 100 000xg for 1 h. The supernatant was
mixed for 1 h with 0.1 mmol/L GTP and DEAE-
Sephadex at the ratio of 4:1 (v:v), and the resin had
been equilibrated with 0.8 mol/L glutamate. After the
resin had settled for about 15 min, approximately
60 %-70 % of the fluid was decanted, and the remain-
ing fluid was freed by vacuum aspiration. The moist
resin was mixed with a solution containing 0.8 mol/L
glutamate and 0.1 mmol/L GTP and then vacuum
aspirated. Thiswashing step was repeated twice. The
washed resin was mixed with a solution containing 1.0
mol/L NaCl, 1.0 mol/L glutamate, and 0.1 mmol/L GTP.
After 20 min, the tubulin-rich eluate was collected by
vacuum aspiration. The eluate from five repeats was
collected as DEAE-tubulin, which was then purified by
heat-polymerization and cold-depolymerization. The
DEAE-tubulin was mixed with 1 mmol/L GTP, warmed
to 37 °C, incubated for 45 min, and centrifuged for 1 h
at 100 000xg at 37 °C to obtain warm polymerized mi-
crotubule sediment. The sediment was suspended in a
solution containing 1 mol/L glutamate and 0.1 mmol/L
GTPiced at 0 °C for 30 min, centrifuged at 100 000xg
at 4 °C for 40 min to obtain cold supernatant (purified
tubulin). The purified tubulin was then used in HTS
assay, and stored in liquid nitrogen in 4 mL aliquots.
The GDP/GTP-free tubulin was prepared on Sephadex
G-50 with 1 mol/L glutamate. This preparation was
also stored frozen in liquid nitrogen and employed in
the kinetic tubulin-polymerization assay.

The purity of the tubulin sample was determined
by SDS-PAGE as described by Laemmli and Favre us-
ing 10 % separating gel*, and protein concentrations
were determined with the BCA kit (Pierce Co) and bo-
vine serum abumin was used as standard.

Transmission el ectron microscopy was performed
on the thin sections of polymerized microtubules from
the purified tubulin or DEAE-tubulinin vitro, which were
fixed in asolution as described by Phylliset all*®!.

Polymerization assay Tubulin polymerization
was monitored by turbidimetry with measurement of
the change in absorbance at 350 nmin a SPECTRAmMax
190 96-well reader. Unlessindicated otherwise, sample
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sizewas 0.1 mL each well and tubulin concentration
was 1 g/L, and other components are described in the
individual experiments.

Sample preparation Individual compoundswere
dissolved at 1 g/L concentration in 4 % Me,SO solution
containing 1 mol/L glutamate. The sample solution was
diluted 10-fold by adding 10 pL to 90 L of the dissolv-
ing solution in A2-H11 wells on 96-well polystyrene
plates as mother plates with the layout format™® shown
inFig 1. All mother plates were duplicated to daughter
plates for screening by transferring 10 pL of the solu-
tion using automatic eight-channel pipette. All the above
operations were performed on ice.

1 2 3 4 5 [ 7 8 9 10 11 12
A
: =
C
D
E
F
G
H

Fig 1. Layout of samples (open blocks), blanks (lineated
blocks), and controls (filled blocks) on the 96-well plate.
RowsA to H and columns 1 to 12 are shown.

First high-throughput screening (HTS) assay
(End-point assay) On the daughter plates with the
same layout as the mother plates (Fig 1), 10 uL 4 %
Me,SO solvent were distributed in eight blank wells
(A12-D12, E1-1), and controlswere in other eight wells
(E12-H12, A1-D1) using known active compound
paclitaxel in Me,SO (10 uL, 0.1 g/L). At 2°C, an assay
mixture (90 pL) containing 4 % Me,SO, 0.1 mmol/L
GTP, 0.1 mmol/L CaCl, and 1 g/L tubulin, was added
to al wellswith 8-channel pipette. The plate was trans-
ferred to the reader for immediate reading at 350 nm
and 2 °C, and UV absorption was recorded (Fig 2).
Then all the plates were moved to an incubator at 37 °C
for 20 min. The plate was transferred to the plate reader
for reading at 350 nm and 37 °C again, together the UV
absorption of each well (Fig 2). The percent end-point
promote coefficient (P,) was calculated by the formula
below.

In the formula, A¥ and AZ equal the average ab-
sorbance of control wells or compound wells at 37 °C
and 2 °C, respectively. AY and A? equal the average
absorbance of blank wellsat 37 °C and 2 °C, respectively.

P, = AAAA 100 %
AAg
DAATR AAATA

Second confirmation screening assay (kinetic
assay) After thefirst HTS step, some active compounds
were screened with the kinetic confirmation assay. In
this step, the layout of samples was as the same as that
in the end-point assay. But the assay mixture changed
to the solution containing 4 % Me,SO, 0.1 mmol/L
CaCl,, and 1 g/L tubulin without GTP. The plate was
transferred from 2 °C to the plate reader for immediate
reading at 350 nm and 37 °C, UV absorption change
was monitored for 25 min, and the slope of absorption
change from 6 to 16 min was recorded (Fig 3).

The average of the slopes for the 8 blanks was
used as 0 % activity and the average of the slopes for
the 8 controls was used as 100 % activity. The slope
from sample wells was divided by the average, given
percent kinetic promote coefficient (P,) to the value of
100 % in the presence of screening compound (Fig 3).

MTT assay In order to evaluate the anti-tumor
activity of the compounds screened by the two-step
screening assays, a colorimetric 3-(4,5-dimethylthiazol -
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed with Hela cell line as described by James et
al™, and the I1C;, of the compounds was determined.

RESULTS

The tubulin used in the assay We purified tu-
bulin with a two-step method. The first step was to
elute pig brain tubulin from DEAE-Sephadex with 1 mol/
L NaCl and 0.8 mol/L glutaminate-Na (DEAE-tubulin),
and then it was used in one cycle of polymerization in
the presence of NaCl and glutaminate, and depolymer-
ization in the presence of glutaminate. It was found
that the loss of tubulin in the cycle was much reduced
(only about 20 %-40 % of the total tubulin) compared
to the polymerizati on-depolymerization cycles without
elution step, which might be caused by removal of other
proteins in the first step. With this two-step method,
purified tubulin was obtained (Fig 4A). The microtu-
bulesfrom DEAE-tubulin or purified tubulin had asimi-
lar shape in the absence of glutaminate (Fig 4B). The
tubulin could be polymerized in the presence of paclitaxel
invitro (Fig 5).

GTP-induced polymerization of purified tubulin at
37 °C was under 350 nm in the presence of glutamate,
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Fig 2. Typical data conversion from end-point reading to percent promote coefficient (P,). A: Raw data showing the absor-
bance at 350 nm 2 °C in each of the 96 wells (layout of samples, blanks, and controlsas shown in Fig 1). B: Raw data showing
the absorbance at 350 nm 37 °C in each of the 96 wells. C: Converted percent end-point promote coefficient (P,).

and the kinetics of polymerization presented a typical
“S’ curve (Fig 5, curve 1). At 37 °C, the purified tubu-
lin would not polymerize to microtubule without GTP
(the nucleotides were removed from the tubulin by
chromatography, Fig 5, curve 2). Paclitaxel could re-
markably promote the assembly of purified tubulin in
the presence of GTP, and made the reaction occur with
high percent of total polymerization (Fig 5, curve 3).
Even without GTP, assembly could occur with
paclitaxel, and the kinetic of polymerization also pre-
sented typical ‘S’ curve (Fig 5, curve 4). Therefore,
on the two-step of screening, promoting activity of com-
pounds could be shown by end-point value or kinetic

curve.

Since Me,SO solvent was used in dissolving com-
pounds for the screening assay, we investigated the
effects of Me,SO on the assembly of purified tubulin.
As Me,SO concentration increases, the purified tubulin
was disproportionately assembled into microtubules
even in the presence of MAPs as described by Himes et
al™®, The reaction of tubulin showed abnormal kinetic
curve at 10 % or higher concentrations of Me,SO, and
normal kinetic curve at concentrations of Me,SO be-
low 5%. However, the compounds, especidly paclitaxel,
did not dissolve well at Me,SO concentrations less than
3 %. The result suggested that presence of 4 % Me,SO
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Fig 3. Typical data conversion from kinetic reading to percent promote coefficient (P,). A: Raw data showing the absorbance
at 350 nm at 37 °C over a period of 25 min in each of the 96-wells (layout of samples, blanks, and controls as shown in Fig 1).
B: Slopes for the absorption changein each well. C: Converted percent kinetic promote coefficient (P,).

in the screening assay did not markedly affect the as-
sembly of purified tubulin.

After initial experiments mentioned above, we de-
fined the assay condition asfinal concentrations at 1 g/L
tubulin, 0.1 mmol/L GTPand 0.1 mmol/L CaCl,, and 10
mg/L screening compoundsin atotal volume of 0.1 mL
of 4 % Me,SO. The blank was 4 % Me,SO solvent
with 1g/L tubulin, 0.1 mmol/L GTP and 0.1 mmol/L
CaCl,, and paclitaxel in 4 % Me,SO at final concentra-
tion of 10 mg/L were used as the control.

Screening of 1500 samples With first HTS as-
say (end-point assay), atotal of 1500 samples were
placed onto thirty eight 96-well plates with one repeat.

The contents for each well of blanks, controls and tests
distributing on the 96-well plates were added separately
and sequentially before the end-point reading of UV
absorption at 350 nm at 2 °C. The absorbance of samples
in each well was read after the incubation at 37 °C for
20 min. The addition of assay mixture took lessthan 5
min for each plate and was carried out simultaneously
while incubating at 37 °C, so that the total assay time
for each plate was limited by incubation.

Samples with no effect on assembly of purified
tubulin showed AA, of UV absorption change was simi-
lar as the blanks (AA,). A fraction of samples (23 out
of the total 1500 samples) showed irregular AA, due to
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Fig4. A: SDS-PAGE analysisof tubulin isolated with DEAE-
Sephadex and one time polymerization-depolymerization
cycle (1, DEAE-Tubulin; 2, warm supernate; 3, purified
tubulin). B: Electron micrographs of purified tubulin.
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Fig 5. Polymerization of purified tubulin at different con-
tentsin vitro. Glutamate-induced polymerization of puri-
fied tubulin at 37 °C and 350 nm in the presence of GTP (O,
curve 1); without GTP (%, curve 2); in the presence of GTP
and paclitaxel (A, curve 3); in the presence of paclitaxel
without GTP (<, curve 4).

precipitation and the data were discarded. However,
deep color or slight cloudy appearance that affected the
endpoint reading did not seem to affect the kinetic
reading. Thus, these samples were transferred to the
second kinetic reading screening directly as uncertainty
samples.

As expected, most samples showed no or weak
activities. There were 437 samples showed 5 %-10 %
P, values, 264 samples showed 10 %-20 % P, values,
101 samples showed 20 %-30 % P, values, 7 samples
showed greater than 30 % P, values, and the rest
showed less than 5 % P, values at the assay concentra-
tion of 10 mg/L. We took 108 samples with higher
than 20 % P, values as hits for further screening, and
the hit rate was 7.2 % of the total 1500 samples. Very

few samples (11 of 1500) showed abnormal P, values
less than -20 %, and they were also transferred to the
secondary assay.

As mentioned above, 108 hits and 11 uncertainty
samples were transferred to the kinetic screening,
placed in duplicates onto four 96-well plates and assay
mixture was added separately and sequentially. The
reaction mixtures were kinetically monitored with the
UV absorption at 350 nm and 37 °C for 25 min. The
total assay time for each plate was limited by the plate
reading. In thisscreening system, therewasno GTPin
the solution, negative samples showed no change of
the slope of UV absorption, while sampleswith positive
activities changed the slope at various degrees, reflect-
ing their promoting effects on the assembly of tubulin
invitro (Fig 5, curve 4).

Most of the hits showed promotion activities on
the assembly of tubulin. There were two samples dis-
played 80 %-100 % promotion activity, four samples
exhibited greater than 100 % activity. And all the un-
certain samples showed no activity. We took the six
samples with higher than 80 % promotion as hits for
further characterization, and the hit rate was 0.4 % of
the total 1500 samples.

Paclitaxel was used at different concentrations
(0.01, 0.1, 1, 10, 100, and 1000 pmol/L) for assay
quality control. It showed consistent promotion activ-
ity on the assembly of tubulin with the expected po-
tency (>1 pmol/L) reflected by the pooled data from
the 38 plates.

Characterization of hit compounds Crude
samples were purified on Shimadzu L C-6A preparative
HPLC by Shimadzu C18 ODS preparative column, and
the final hits with promotion activities higher than 80 %
were further investigated at six concentrations (0.05,
0.5,1, 15,5, and 15 pmol/L). Among those, five com-
pounds showed activities higher than 0.5 pmol/L, lead-
ing to a confirming hit rate of 83 %. One compound
showed precipitation and was considered fal se positive.
After performing MTT test for each active compound,
the most active compound obtained from this screen-
ing showed an | Cy, of 0.28+0.06 nmol/L in Hela cells.
There were total of four compounds with 1Cg, lower
than 5 nmol/L.

As far as the active compound structures were
concerned, three of them were Epothilone A or its ana-
logues*®, which were isolated from fermentation prod-
ucts of Myxobacteria. Two compounds were new
structures with a common pharmacophore for cyto-
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toxic natural products that stabilize microtubules as de-
scribed by Ojimaet al'®. These compounds are under
further structure determined, structure-activity analy-
sis (SAR) and structural modification for developing
potent and selective anti-tumor agents.

DISCUSSION

The screening model described in the present pa-
per hasintegrated several critical factors for a success-
ful HTS program: target identification or selection; re-
agent preparation (tubulins purification); compound
management and high-throughput library screening”.

Although paclitaxel plays an important rolein the
treatment of certain human tumors, its toxicities and
agueous insolubility are continuing to be a problem.
Another major concern in the clinical treatment of hu-
man tumors with paclitaxel is the acquisition of drug
resistance, which often leads to chemotherapeutic fail-
uré??. In addition, P-glycoprotein expression type of
multidrug-resistant (MDR) tumor cells resist paclitaxel™®.
Great attention has been paid to find novel compounds
with the similar or better activity as paclitaxel, and the
tubulins are thus becoming the molecular target ame-
nable to small molecule drug discovery.

Usually, there aretwo approachesto obtain tubulins.
One employs the characteristics of tubulin, ie polymer-
izing into microtubule at a higher temperature and mi-
crotubule depolymerizing into o- and B-tubulin dim-
mers at lower temperature in vitro. After several cycles
of polymerization-depolymerization, the tubulins are
purified. The other method is using ion exchange resin
(eg DEAE-Sephadex) to separate the tubulins from other
cellular components. The former method can get puri-
fied tubulins, but with very low efficiency. For instance,
from 10 pig brains (approximately 900-1000 g), we can
only obtain 10-50 mg purified tubulin after three cycles,
depending on the freshness of the brain. After the first
cycle, the tubulin only occupies small portion of the
sample. Further cycles will lose most tubulin due to
removal of unwanted protein. The latter method, in
contrast, can recover most of the tubulin from the
DEAE-resin (DEAE-tubulin). However, there are still
many other proteins |eft in the product, accounting for
about 30 %-40 % of the total protein. The assay of
polymerization activity in vitro confirmed that, except
for thefirst cycle-tubulin, the rest displayed very stable
polymerization behavior. So, we devel oped atwo-step
purification method for screening purposes. The loss

of tubulin in the cycle was much reduced and the tubu-
lin in different purities could be obtained for different
purposes. Considering associated expenses and screen-
ing scale, the DEAE-tubulin could be used in screening
of alarge number of samples. Active samples could be
retested in the second step with purified tubulin with-
out GTP.

A critical prerequisite for lead compound discov-
ery screening is the compound screening library itself.
Common HTS library typically consists of both syn-
thesized and natural compounds. Considering only six
types of compounds that mimic the effects of paclitaxel
on tumors have been found from numerous sources”,
we focused not only on increasing library size, but also
on sample quality, such as analytical purity, molecular
weight and structure diversity. For our library, we bal-
anced sheer numbers of samples with a reasonable num-
ber of representative replicate analogues. The 1500
samples screened were mainly isolated from bacterial
fermentation products, especially different Sorangium
cellulosum strains. In order to ensure all screening
compounds be present in the assay plate, they were
generally dissolved in an accommodated H,O/Me,SO
mixture, in which the Me,SO concentration was under
the limitation tolerated by tubulins. The best concen-
tration of library compound within the assay plate is
also a matter of debate. Screening at high concentra-
tions often leads to more false positive signals. So, we
chose arelatively high concentration (10 mg/L) in the
primary HTS screening, and six concentrations for hits
to evaluate their actual promoting potency. Inall cases,
the goal is to economically and efficiently compile a
screening compound library from which HTS leads can
be rapidly discovered.

We carried the screening of 1500 compounds dur-
ing 2 h 50 min, and finished the kinetic reading screen-
ing assay in 2 h 30 min for 4 plates with atotal of 119
samples. Assay miniaturization is an aternative to com-
pound compression as a means to increase HTS
capacity. Inthe simplest terms, miniaturization corre-
sponds to higher screening plate density and smaller
screening volumes. It will allow for more assays to be
performed in parallel in a conventional space, and the
screening capacity could be extended dramatically. As
the compound number decreases significantly, the ve-
racity of screening becomes the key factor. Therefore,
purified tubulin without GTP and kinetic detection were
used. Of the samples tested, the assay system proved
to be a high-throughput, cost-effective and efficient



.782.-

model for screening anti-tumor agents capable of pro-
moting the polymerization of tubulin in vitro.
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