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ABSTRACT. Cmd 4 is a colcemid resistafttubulin mutant of Chinese hamster ovary cells that exhibits
hypersensitivity to paclitaxel and temperature sensitivity for growth. The mgtaubulin allele in this

cell line encodes a D45Y amino acid substitution that produces colcemid resistance by making microtubules
more stable. By selecting revertants of the temperature sensitive and paclitaxel hypersensitive phenotypes,
we have identified three cis-acting suppressors of D45Y. One suppressor, V60A, maps to the same region
as the D45Y alteration, and a second suppressor, Q292H, maps to a distant location. Both appear to
produce compensatory changes in microtubule assembly that counteract the effects of the original D45Y
substitution. Consistent with this view, expression of the V60A mutation in transfected wild-type cells
produced paclitaxel resistance and greatly decreased microtubule assembly. Additionally, it produced a
paclitaxel-dependent phenotype in which cells grew normally in the presence, but not the absence, of the
drug. The Q292H mutation caused even greater disassembly of microtubules such that cells were unable
to proliferate when the transgene was expressed; but, unlike the V60A mutation, cell growth could not be
rescued by paclitaxel. A third suppressor, A254V, maps to a region near the interface betwareh
B-tubulin that contains the colchicine binding site. Although it made transfected wild-type cells
hypersensitive to colcemid, it did not affect paclitaxel or vinblastine sensitivity, nor did it reduce microtubule
assembly. We suggest that this mutation acts by increasing tubulin’s affinity for colcemid.

Microtubules are essential cellular structures responsiblethat Cmd 4 cells produge-tubulin with a D45Y substitution
for directing vesicle movements, coordinating the orderly that stabilizes microtubules. Moreover, a mutation encoding
segregation of chromosomes prior to cell division, and the D45Y substitution was introduced into a cloyfetbulin
propelling the movement of ciliated and flagellated cells. cDNA and was shown to be sufficient to confer colcemid
Mammalian microtubules are constructed from and resistance when transfected into wild-type CHO céefis (
B-tubulin heterodimers that are products of a multigene To further explore the role of the D45Y alteration in tubulin
family (1). In addition to their interest from a biological structure, microtubule assembly, and drug resistance, we used
standpoint, these structures are an important target for aclassical genetic methods to isolate revertants of the tem-
variety of agents used in medicine, most notably in cancer perature sensitive and paclitaxel hypersensitive phenotypes.
chemotherapy. Because drugs such as vinblastine, vincristineHere, we describe three intra-allelic alterations that use two
and paclitaxel have proved to be very effective in the distinct mechanisms to suppress the phenotypic effects of
treatment of cancer, much current effort is being directed at the D45Y amino acid substitution.
developing new drugs, understanding the mechanism by
which they affect microtubule assembly, and uncovering the EXPERIMENTAL PROCEDURES
mechanisms by which tumor cells escape their Cytotoxicity.  Growth and Deriation of Cell Lines.Unless otherwise
We previously described the isolation of Cmd 4, a Chinese gtated, all cell lines were grown i modification of
hamster ovary (CHO)cell line resistant to the microtubule  minimum essential mediumaMEM, Sigma-Aldrich, St.
inhibitory drug colcemid, and subsequently demonstrated that| o5, MO) containing 50 U/mL penicillin, 5Qg/mL
the cells are temperature sensitive for growth and hypersensi-sreptomycin, and 5% fetal bovine serum (Atlanta Biologi-
tive to paclitaxel —4). More recent studies have shown 5|5 Atlanta, GA) at 37C and 5% CQ@. Colcemid resistant
mutant Cmd 4 was isolated from wild-type CHO cells
" This work was supported by U.S. Public Health Service Grant following mutagenesis with ethyl methanesulfonaf. (

CA*85935 from the National Cancer Institute (F.C.). Spontaneous revertants of Cmd 4 were isolated by selecting
Soogzggs'oond'”g author. Telephone: (713) 500-7485. Fax: (713) qq|15 able to grow at the nonpermissive temperature (40.5
1 Depar'tmem of Integrative Biology and Pharmacology. °C) or able to grow in a lethal concentration of paclitaxel

8 Department of Biochemistry and Molecular Biology. (150 ng/mL) as described here and elsewhéje (

! Abbreviations: CHO, Chinese hamster ovary; Cmd, colcemid; HalMi ; ; ;
MEM, minimum essential medium; MTB, microtubule stabilizing Site-Directed Mutagenesis and Transfectiérpreviously

buffer; PBS, phosphate buffered saline; Ptx, paclitaxel; Tet, tetracycline; isolated 6) CHOﬁl'tU_bU”n cDNA (GenBank aCQeSSion no.
Vb, vinblastine. U08342) was cloned into pTOPnNeo, a tetracycline regulated
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mammalian expression vector, and transfected into CHO small drop of Gel/Mount (BioMeda Corp., Foster City, CA)
tTApur 6.6a cells that stably express the tetracycline and viewed on an Optiphot microscope equipped with a Plan
regulated transactivator), Site-directed mutagenesis of the Apochromat 60X, 1.4 numerical aperture oil objective (Nikon
cDNA was carried out using the Quick Change mutagenesisinc., Melville, NY). Images were acquired using a MagnaFire
kit (Stratagene, La Jolla, CA), and transfection was carried color digital camera (Optronics, Goleta, CA) attached to a
out using Lipofectamine (Invitrogen, Carlsbad, CA) as Macintosh G4 computer (Apple Computer, Cupertino, CA).
described by the manufacturer except thagImL tetracy- Measurement of Assembled Tubulifio measure the
cline was maintained throughout the procedure and subse-yjgyihytion of tubulin between nonassembled and polym-
quent growth of the cells to prevent expressi.on Of. the erized pools, cells were grown to near confluence in 24-
transfected cDNA and thereby ay0|d any potential tOXICI'ty' well dishes, lysed with MTB containing 0.14 M NaCl and 4
from the presence of mutant tubulin gene products. Genetlcmﬂg/ml_ paclitaxel, transferred to microcentrifuge tubes, and

(GL4t18, I\/Iledtiatte%r; I?c., Ter?ddon, I\I/f\) was used at 2 Mg/ 5 tionated into soluble and sedimentable proteins at 18 000
ML o select stably transfected cell ines. at 4 °C as previously described?). The tubulin in each

i Elﬁctrophoretm Tg(ijhn|(?ue§W?—(::||menS|ongl g:al delec-.b ({draction was quantified by first adding an equal volume of
ropnoresis was carried out essentially as previously Aescribed, , e perichia coliextract containing a GSd&-tubulin fusion

(8, 9). Cells were labeled fol h with 20uCi/mL Tran3°S- : . . : .
. . I ; . protein to each fraction, precipitating the proteins with
label (mixture of P>Smethionine and’fS]cysteine, 1000 Cif acetone, and redissolving the precipitated proteins with SDS

mmol; ICN Biomedicals, Costa Mesa, CA) in methionine- sample buffer §). Following the separation of proteins on

free MEM (Sigma-Aldrich), lysed in hot (100C) SDS . )
; e 7.5% polyacrylamide gels and transfer onto nitrocellulose,
sample buffer10), and the proteins were acetone precipitated 2 : _
the tubulin in each fraction was detected using a monoclonal

and redissolved in urea sample buff@y. (The 2-D gels were . . o X
. X 0 L . _ antibody toa-tubulin (1:2000 dilution of DM1A, Sigma-
stained with 0.025% Coomassie brilliant blue R250 (Sigma Aldrich) and a Cy5-conjugated goat antimouse IgG (1:2000

Aldrich), dried, and exposed to X-Omat film (Eastman dilution. Chemi F fi ired usi
Kodak, Rochester, NY). Cellular proteins in SDS were also ilution, Chemicon). Fluorescen Images were acquired using
a Storm Imager (Molecular Dynamics), and bands were

) 0 . : .
separated by 1-D gels on 7.5% acrylamide using a minigel quantified with a Macintosh computer running the public

apparatus (Bio-Rad, Hercules, CA) and transferred ontod i NIH | develoned at the U.S. National
nitrocellulose paper (Schleicher and Schuell, Keene, NH) as omain mage program( eveloped at the .. vationa
Institutes of Health and available on the Internet at http://

previously described1(l). Detection of proteins utilized . . o o :
monoclonal antibodies specific far-tubulin (DM1A at rsb.info.nih.gov/nih-image/). The-tubulin in each fraction

1:2000 dilution, Sigma-Aldrich)-tubulin (Tub 2.1 at 1:2000 ~ Was normalized by dividing by the GSd-ubulin signal,
dilution, Sigma-Aldrich), or actin (C4 at 1:5000 dilution, @nd the percent of tubulin in the polymerized fraction was
Chemicon International Inc., Temecula, CA) followed by calculated as the amo_unt- aftubulin in the pellet divided
peroxidase conjugated goat antimouse IgG (1:2000 dilution, Py the sum ofa-tubulin in both pellet and supernatant
Sigma-Aldrich) and SuperSignal West Pico chemilumines- fractions, all times 100%.

cent substrate (Pierce, Rockford, IL).

Drug ResistancelFor each measurement, approximately
200 cells were seeded into each of six replicate wells of a
24-well dish containing growth medium with increasing
concentrations of drug and incubated for 7 days until visible
colonies appeared. The surviving cells were then stained with
0.5% methylene blue in water, dried, and photograpdgd (
To obtain quantitative data, the dye was eluted into 200
of 1% SDS in water, 10@L was transferred to individual
wells of a 96-well dish, and the absorbance was read at 630
nm using an Emax microplate reader (Molecular Dynamics,
Sunnyvale, CA). The highest optical density in a series was
set at 100%, and the relative values were plotted using pro
Fit software (QuantumSoft, Uetikon am See, Switzerland).
ICso values were calculated as the concentration of drug that
inhibited growth of the cells by 50%.

ImmunofluorescenceCells were grown on sterile glass

RESULTS

Isolation of Reertants.Mutant Cmd 4 was selected from
ethyl methanesulfonate mutagenized CHO cells by single step
exposure to a concentration of colcemid that reduced survival
of the cells to below 1@ (2). Surviving clones were isolated
and then screened for increased resistance to drugs unrelated
to microtubule assembly to eliminate those cells that might
have survived the selection by acquisition of P-glycoprotein
mediated multidrug resistancd3). The cells were also
screened by 2-D gel electrophoresis to identify cell lines with
mobility shifts in tubulin. Cmd 4 was thus identified as a
colcemid resistant cell line that expressed an altgradulin
polypeptide and had normal sensitivity to puromycin,
ethidium bromide, and other drugs that do not target
microtubule assembly. On the other hand, the cells were

coverslips for 2 days to approximately 70% confluence, cross-resistant to many other drugs such as vinblastine,

extracted in a microtubule stabilizing buffer (MTB) (20 mM maytansine, and griseofulvin that destabilize microtubules
Tris HCI, pH 6.8, 1 mM MgC}, 2 mM EGTA, 0.5% Nonidet but were more sensitive to paclitaxel, a drug that promotes

P-40) Containing 4zg/mL paclitaxel (Slgma) for 90 s at 4 the assembly and Stability of minOtUpU'qu-X. When the
°C. and fixed in methanol at20 °C for at least 10 min. growt'h of Cmd 4 was comp.ared to wild-type CHO cells at
After rehydration in PBS, the cells were incubated in affinity- & Variety of temperatures, it was found that Cmd 4 grew
purified rabbit HA antibody (1:100 dilution, Bethyl Labo- less well at elevated temperatures (i.e., wild-type cells could
ratories, Montgomery, TX) fol h at 37°C followed by efficiently form colonies at 40.8C, but Cmd 4 could not).
Alexa 488-conjugated goat anti-rabbit 1gG andud/mL To determine whether colcemid resistance, paclitaxel
DAPI (both from Molecular Probes, Eugene, OR). The hypersensitivity, and temperature sensitivity for growth are
stained coverslips were mounted onto glass slides over aall tied to the alteration ig-tubulin, spontaneous revertants
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\a FiGure 2: Drug sensitivity of mutant and revertant cell lines. Cells
A .B = were incubated for 7 days in varying concentrations of colcemid

(A) or paclitaxel (B), and cell growth was quantified as described
Ficure 1: 2-D gel electrophoretic analysis of mutant and revertant in Experimental Procedures. Growth at each concentration of drug
cell lines. Wild-type (A), Cmd 4 (B), and Tax D3 (C) CHO cells was expressed relative to growth without drug set at 100%. Results
were lysed in SDS sample buffer, and the proteins were precipitatedfor wild-type cells (open circles), mutant Cmd 4 (open triangles),
with acetone, resolubilized in urea, and separated by 2-D gel and revertants Tax C1 (stars), Tax D3 (solid triangles), and tR 3H2
electrophoresis. The basic ends of the gels are to the left. Labeled(solid circles) are shown. Note that, as compared to wild-type cells,
protein spots include actin (a), vimentin (\W-tubulin (o), and Cmd 4 is resistant to colcemid (A) and a little more sensitive to
B-tubulin (). Note thato-tubulin migrates as two spots (same paclitaxel (B). Tax C1 and Tax D3 have lost resistance to colcemid
isoelectric point, different apparent molecular weights) and that the and gained resistance to paclitaxel. tR 3H2, on the other hand, has
upper spot partially overlaps vimentin, an intermediate filament lost resistance to colcemid but retained increased sensitivity to
protein. All 3-tubulin proteins in wild-type CHO cells comigrate  paclitaxel. Mean 16 values corresponding to each of these curves
as a single spot. Cmd 4 (B) has an extra sp) (epresenting a  are summarized in Table 1.
more basic form of one of thg-tubulin gene products, while Tax
D3 (C) has a second alteration in the safhgibulin (8*) that 4 byt the third (Tax D3) exhibits a further basic shift in the

causes the extra spot to migrate to an even more basic position O%utantﬂ*—tubulin suggesting that the protein now has a
the gel. - . . .

g second alterationgf*, Figure 1C). Consistent with these
observations, revertants Tax C1 and tR 3H2 were found to
have V60A and A254V alterations that would not be

Table 1: Properties of Cmd 4 and Its Revertants

growth

cellline selection  mutation Ccmé Pod  (40.5°C) expected to alter the mobility of tubulin on 2-D gels, but
wild-type NAS NA 383559 3251+ revertant Tax D3 has a Q292H alteration that can explain
cmd4 cmd  D45Y 009 7.4 2444154  — the further basic shift in the migration gf-tubulin (Table
TaxCl  Ptx D45Y/V60A 32.4-54 84.6+6.8  nd 1).
tTF?éSS Z(t)XS"C IDD:‘SS\\((/{AQZZSiz\/H 2%381& i-g 1gg-;i 2-3 ”+d Revertants Lose Colcemid Resistantiethe D45Y sub-
i T - stitution in mutant Cmd 4 is responsible for colcemid
@ Agent used to select the mutant or revertant cell IineM ICso resistance, temperature sensitivity for growth, and increased

values for each drug.Temperature sensitivity (ability to grow at 40.5
°C); —, unable to form coloniest}, able to form colonies; nd, not
determinedd NA, not applicable.

sensitivity to paclitaxel, then revertants selected for loss of
temperature sensitivity or paclitaxel hypersensitivity should
also lose resistance to colcemid at high frequency. To test

f th . d i I h ... _this hypothesis, dose responses to colcemid were carried out
of the temperature sensitive and paclitaxel Nypersensitive, i, aach of the three revertants (Figure 2A and Table 1).

pheno.types were |§qlated. _The frequency of spontaneousyg predicted, all three revertants lost the colcemid resistance
reversion was surprisingly high, ranging from<10™°to 5 exhibited by the parental mutant Cmd 4, and one of the
x 107 for each selection. Most of these revertants had large revertant cell lines, Tax D3, even becamé colcemid hyper-
dlsruptlons of the mutant allele such that no mutant tubulin go\qitive These results indicate that all three phenotypes
protein could be detected (Y. Wang and F. Cabral, unpub- . 1cemid resistance, temperature sensitivity, and paclitaxel
lished), but a few (3/48) continued to produce a stable mutanty,, e sensitivity) arise from changes at a single genetic locus.
polypeptide. Moreover, paclitaxel hypersensitivity was lost in Tax C1 and
The pattern of protein expression in wild-type CHO cells Tax D3 but was retained in tR 3H2 (Figure 2B and Table
is shown in Figure 1A. Prior studies using antibody labeling, 1). Loss of paclitaxel hypersensitivity was expected for the
peptide mapping, purification, and transfection demonstratedfirst two revertants because that was the basis for their
that all f-tubulin proteins in CHO cells migrate as a single selection. The retention of paclitaxel hypersensitivity in tR
spot @, 6, 15). Using the nomenclature described by Lopata 3H2, however, was unexpected based on our previous
et al. (L6), the spot is composed of diploid copies of Class experience that decreases in colcemid resistance are almost

| (70%), Class IVb (25%), and Class V (5%)tubulin (15, always associated with increases in paclitaxel resistance and
17). Hereafter, these isoforms will be callgd-, f4b-, and vice versa {8, 19). The anomaly in the drug resistance
B5-tubulin. Mutant Cmd 4 has an additional spgt)(not behavior of tR 3H2 was the first clue that the reversion
seen in the wild-type cell extract that migrates with a more mechanism in this cell line might be unique.

basic isoelectric point than wild-tyg&tubulin (Figure 1B). Suppressor Mutations Are in the D45Y Allelghe new

This spot was previously shown to contain an altered form mutations uncovered in the revertant strains were found by
of one of the two copies offl-tubulin and therefore directly sequencing PCR amplifiggttubulin DNA, and so
represented approximately 35% of tgfatubulin in Cmd 4 it was not possible to know whether these secondary
(6). Sequence analysis of the gene encoding this alteredmutations occurred in the same or a differgbitubulin allele
B-tubulin indicated a D45Y substitution that is consistent than the one harboring the D45Y mutation. In the case of
with the basic shift in the migration of the protein (Table Tax D3, the 2-D gel analysis strongly argues that the same
1). Of the three revertants of Cmd 4 we discuss here, two allele has both mutations because the mujftubulin
(Tax C1 and tR 3H2) have 2-D gel patterns identical to Cmd protein undergoes a further basic shift in this cell line. To
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Ficure 3: Ava Il digests of wild-type, mutant, and revertant DNA.
(A) Diagram of a portion of theés-tubulin gene from intron 1 to
the 3 untranslated region. Positions of mutations afweh Il
digestion sites (downward facing arrows) are indicated. Above the
genomic structure is a PCR amplicon derived using intron 1 forward
(I1F) and intron 3 reverse (I3R) primers, with indicated fragment
sizes for arAva Il digestion of wild-type DNA. Below the genomic

Wang et al.
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FiIGUuRE 4: Production of mutant tubulin in transfected cells. Cell
lines stably transfected with wild-type (WT) HA-tubulin cDNA
cloned into a pTOP vector, or with the same DNA modified to
encode each of the indicated amino acid substitutions, were grown
continuously inaMEM containing 1ug/mL tetracycline ¢) or in

the same medium without tetracycline for 2 days).(The cells
were lysed in SDS sample buffer, fractionated by SDS polyacryl-

structure is a PCR amplicon derived using I1F and exon 4 reverse@mide gel electrophoresis, transferred to nitrocellulose, and probed

(E4R) primers cloned into a TOPO TA vector (dotted lines).
Predicted fragment sizes for an Ava Il digest of wild-type DNA
are again indicated. (B) Actudva Il digest of 11F/I3R PCR
amplified DNA from the indicated cell lines. Note that Cmd 4 and
Tax C1 have a 662 bp fragment due to loss of an Ava |l restriction
site associated with the D45Y mutation in one of the fitetubulin
alleles. M1, 100 base pair ladder DNA markers. £&a Il digests

of clones derived from ligating ILF/E4R PCR amplified DNA from
tR 3H2 into a TOPO TA cloning vector. Note that the tR 3H2
mutant allele loses a 447 bp fragment that is present in the wild-
type allele (WT) but produces a 2154 bp fragment (1#0247)
because of the loss of thva Il site at D45Y. M2, pGEM DNA
Markers (Promega Corp., Madison, WI).

determine whether V60A is also intra-allelic with D45Y,
restriction enzyme digestions of PCR-amplified DNA were
carried out. The mutation causing the D45Y substitution
changed the wild-type sequene&tggaccga- to —ctgtac-
cga— and thereby caused the loss of Ama Il restriction
site in the mutant DNA. When genomic DNA from the
revertant Tax C1 was amplified using primers in introns 1
and 3 and then digested wikva Il, the expected digestion
pattern (Figure 3A) was obtained. As shown in Figure 3B,
control DNA from wild-type CHO cells gave predicted
fragments of 447, 215, 107, and 23 bp (lower two bands not
clearly seen in the figure), but DNA from mutant Cmd 4

and revertant Tax C1 gave an additional fragment at 662 bp

reflecting the loss of thAwa Il restriction site in the mutant

allele. When the 662 base pair band from Tax C1 was excised

with mouse monoclonal antibodies Tub 2.1 ftubulin (endog-
enouss and transfected HB) and C4 for actin (A). Reactive bands
were visualized using chemiluminescence. Note that the figure is
a composite from blots run at various times, and the relative
intensities of g-tubulin and actin bands may vary because of
differences in antibody potencies. The ratio of bands representing
HAp-tubulin to endogenoys-tubulin, however, reflects the relative
amount of ectopi@-tubulin production in each of the transfected
cell lines.

tion also contained the A254V mutation, demonstrating that
they too are intra-allelic.

Expression of the Suppressor Mutations in a Wild-Type
Background.To separate out the effects of the suppressor
mutations from those of the D45Y alteration on the pheno-
types of the revertant cells, site-directed mutagenesis was
used to introduce each suppressor mutation into a pTOP
vector that contained a cDNA encodid-tubulin with a
hemagglutinin (HA) tag at the carboxyl terminus. The pTOP
vector was used because its expression in mammalian cells
can be repressed by the presence of tetracycline in the culture
medium ). This strategy circumvents any potential toxicity
resulting from expression of these mutant tubulins. Stably
transfected CHO clones were isolated in the presence of
tetracycline and then screened for expression of the mutant
tubulin when tetracycline was removed. Lysates from cells
grown continuously in tetracycline and from cells grown for
2 days without tetracycline were compared by Western blot
analysis using an antibody that recognizes all forms of

from the agarose gel and sequenced, it was found to encodes_y,pylin, Clones in which expression of the transgene
both the D45Y and the V60A substitutions, demonstrating 5ccounted for 2650% of total B-tubulin in the cell were

that both mutations are in the same allele.

The A254V substitution in revertant tR 3H2 is too distant
from D45Y to allow the same approach. In this case, intron

chosen for further analysis and are shown in Figure 4. All
clones, including cells transfected with a wild-type piA
tubulin cDNA, exhibited little or no expression of the

1 forward and exon 4 reverse primers were used for PCRtransgene in the presence of tetracycline but produced

(Figure 3A), and the amplified DNA was ligated to a TOPO
TA cloning vector. DNA from random clones was again
digested withAva Il to identify those containing the D45Y

mutation (loss of band at 447, Figure 3C, lane tR 3H2).

Sequencing revealed that clones containing the D45Y muta-

abundant protein when the antibiotic was removed.

To assess the effects of the mutant tubulins on microtubule
organization, immunofluorescence was performed (Figure 5).
As we have previously reported, (12, 20, 21), expression
of HAS1-tubulin had no observable effect on the number or



Reversion of Colcemid Resistance Biochemistry, Vol. 43, No. 28, 2008969

Ficure 5: Immunofluorescence of cells transfected with wild-type or mutangt#ubulin cDNA. Cells were grown on glass coverslips,
lysed in microtubule stabilizing buffer, fixed in methanol, and reacted with an antibody to the HA tag. Nuclei were stained with DAPI

(blue). Cell lines stably transfected with i8A-tubulin cDNA containing no mutations (A), D45Y (B), V60A (C), Q292H (D), A254V (E),
D45Y/V60A (F), D45Y/Q292H (G), or D45Y/A254V (H) are shown. The bar in panel A isubh)

organization of microtubules (Figure 5A). HA(D45Y)-
tubulin expression, on the other hand, produced a denser
microtubule network with frequent evidence of microtubule
bundling especially in the perinuclear region (Figure 5B).
This behavior is consistent with the increased colcemid
resistance and increased microtubule assembly previously
reported for the Cmd 4 mutant cell lind3). Of the three
suppressor mutations, A254V (Figure 5E) had little if any

.
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effect on microtubules, but V60A (Figure 5_C) and Q292H' Q\@? Q@ \\@QY @Q’Q vgﬁob‘ v{,g;”‘ 6’9(& ciiii(\
(Figure 5D) caused moderate to dramatic decreases in ob?a &;\\ @A\
Y Q

microtubule density, and in the case of Q292H, produced
numerous microtubule fragments. Moreover, DNA staining FIGURE6: Extent of tubulin assembly in transfected cells. Cell lines
revealed that cells expressing these latter two mutationsStably transfected with HAL-tubulin or with the same DNA

: T containing each of the indicated mutations were grown in the
accumulated multiple nuclei indicating that the cells had presence (solid bars) or absence (open bars) of tetracycline and

defects in their ability to complete mitosi22). The results  |ysed in microtubule stabilizing buffer. Polymerized tubulin was
suggested that V60A and Q292H reverse the effects of theseparated from soluble tubulin by centrifugation, and the content
D45Y mutation by making the microtubules less stable. of a-tubulinin each fraction was quantified. The extent of assembly
Consistent with this interpretation, transfection of D45Y/ IS éxpressed as the percentage of total tubulin (supernatant and

. . pellet) that is present in the pellet fraction alone. The results from
VE0A (Figure 5F) and D45Y/Q292H (Figure 5G) double cells transfected with DNA containing double mutations (D45/

mutants produced microtubule densities closer to those seen/60A, D45Y/A254V, and D45Y/Q292H) are also shown. At least
with wild-type DNA. In contrast, combining the D45Y and three separate experiments were run for each cell line, and the error

A254V mutations (Figure 5H) produced microtubule density bars represent the standard deviation from the mean.
similar to D45Y alone (Figure 5B), arguing that A254V,
unlike V60A and Q292H, does not oppose the action of carboxyl terminal HA epitope tag have approximately 40%
D45Y on microtubule assembly. of their total cellular tubulin in the polymer fractior,(7,
Assembled Tubulin Is Reduced in Cells Transfected with 12, 18, 20, 21) regardless of whether the transgene is
V60A and Q292H But Not with A254Vo confirm the visual ~ eXpressed (open bars) or not expressed (solid bars). Expres-
impression (Figure 5) that cells transfected with cDNAs sion of cDNA encoding the D45Y substitution found in Cmd
encoding the V60A and Q292H substitutions have less 4 increased the fraction of polymerized tubulin to ap-
assembled tubulin, we turned to a biochemical assay thatproximately 50%, consistent with a mechanism in which
involves lysing cells in a microtubule stabilizing buffer, incorporation of the altered tubulin stabilizes microtubule
separating polymerized from soluble tubulin by centrifuga- assembly. Expression of V60A and Q292H mutations, on
tion, and quantifying tubulin in each fraction by Western the other hand, decreased the fraction of assembled tubulin,
blot analysis§, 12). The results shown in Figure 6 confirmed supporting the idea that these two mutations reverse the
the observations from immunofluorescence microscopy. As effects of D45Y by destabilizing microtubule assembly. This
reported previously, wild-type CHO cells and CHO cells balancing of stabilizing and destabilizing effects is confirmed
transfected with a wild-typ@l-tubulin cDNA encoding a by noting that microtubule assembly in cells expressing
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Table 2: Drug Resistance of Cells Transfected with Mutant
Tubulin cDNAS

+Tet —Tet
cell lines Ptx Cmd Vib Ptx Cmd Vib
HA[L 37.5+8.7 32.7£7.0 9.2+ 2.3 38.0+ 3.3 23.5+ 3.5 7.1+ 05
A254V 35.0+ 3.3 24.0+ 3.8 9.8+ 0.3 33.4+ 3.0 5.1+ 1.6 6.8+ 0.3
D26E 43.1+ 7.5 41.3+ 2.7 11.2+ 0.7 205+ 17.7 2.2+ 0.5 2.14+0.2
V60A 40.3+ 6.8 120+ 14.1

a]Cso values (nM) were determined as described in Experimental Procedures for cell lines stably transfecteddditDINA or with the same
cDNA mutated to encode A254V, D26E, or V60A amino acid substitutions. Measurements were made on cells grown in the présgnmed(
in the absence(Tet) of tetracycline. Standard deviations were based on two to five experiments. Ptx, paclitaxel; Cmd, colcemid; Vlb, vinblastine.

D45Y/V60A and D45Y/Q292H double mutants was inter- +Tet
mediate as compared to either mutation alone. Also in
agreement with the immunofluorescence results shown in o0
Figure 5, expression of A254V appeared to have little or no 40
effect on microtubule assembly, again indicating that it 201
reverses the colcemid resistance of D45Y by a different 100 o T PR 10
mechanism. Although the level of polymerized tubulin Paclitaxel (nM) Paclitaxel (nM)
appeared somewhat lower in the D45Y/A254V double 1004
mutant than in the D45Y mutant alone, this result was likely %01
due to a lower level of expression in the double mutant (data jﬁ
not shown). Subtle tertiary structural changes induced by the {20l
A254V substitution, however, cannot be ruled out as an 0 : : P o . : i
. 107! 100 10! 102 101 100 10! 102
explanatlon. Colcemid (nM) Colcemid (nM)
Effects of V60A, A254V, and Q292H Mutations on Drug 1004
Resistanceln previous studies, we found that CHO mutants 80
selected for resistance to paclitaxel are frequently hypersensi-
tive to colcemid, and all have alterations in tubulin that make o
microtubules less stabl@,(12, 18). Given the ability of the 0 i i i :
V60A and Q292H suppressor mutations to destabilize " inblasine (nM‘)"‘ O inbiine (nl1\;l);
microtubule assembly, we pred_|c_ted that cells .expressmg Ficure 7: Drug resistance of cells stably transfected with/HA
these mutant tubulins would exhibit paclitaxel resistance. AS . iin (open circles), or the same cDNA encoding A254V (solid
demonstrated in Figure 7B and Table 2, this prediction was circles), D26E (open triangles), or V60A (stars) substitutions in
confirmed for the V60A mutation (stars), which not only the presence or absence of tetracycline. Cells were grown for 7
produced paclitaxel resistance when expressed but also madé@ays and then quantified as described in Experimental Procedures.

; ; Results are plotted relative to the best conditions for growth for
the cells paclitaxel dependent (i.e., the cells grew very poorly each cell line set at 100%. Note that all cell lines have similar drug

unless paclitaxel was present in the growth medium). A gensitivities in the presence of tetracycline (A, C, and E) but differ
similar phenotype has previously been described for a subsetvhen the mutant cDNAs are expressed (B, D, and F). Because the
of mutants selected for paclitaxel resistance using classicalgrowth of cells transfected with H#(V60A) is highly dependent
genetic methods( 7, 23). A dose-response curve could 7 B2 RERARE O B ToE O et (6 coloatid and
not be carried out for cells carrymg the QZQZH mutat|o_n vinblasfine. Mean |6 values corresponding to each of these curves
because they were unable to proliferate without tetracycline 5re summarized in Table 2.

even when paclitaxel was present. This outcome is likely a

consequence of the extreme damage inflicted on microtubuleenough without paclitaxel to allow sensitivities to colcemid

assembly when this mutant tubulin is expressed (see Figureand vinblastine to be measured. Consistent with the micro-
SD) (i.e., the defect produced by assembly of this mutant typyle destabilizing effects we have previously reported for
tubulin was of a kind or extent that could not be corrected paclitaxel resistance mutations, cells expressing the D26E
even by the presence of a microtubule stabilizing drug). muytation were more sensitive than wild-type to both colcemid
Unlike the Q292H and V60A mutations, expression of the (Figure 7D) and vinblastine (Figure 7F). In contrast, the

A254V mutation (closed circles) did not produce a change A254v mutation that did not decrease microtubule assembly
in paclitaxel sensitivity relative to wild-type (Figure 7B).  (Figure 6) increased the sensitivity of transfected cells to

Because of the growth defects or paclitaxel dependencecolcemid (Figure 7D) but not to vinblastine (Figure 7F).
produced by the Q292H and V60A mutations, sensitivities

of cells transfected with these mutant tubulins to colcemid p|SCUSSION

and vinblastine could not be measured. Thus, for comparison

of the behavior of the A254V mutation to a typical paclitaxel ~ The isolation of revertants has provided new insights into
resistance mutation, we used cells transfected witlBHA  the interplay between microtubule assembly and sensitivity
tubulin containing a D26E substitution (open triangles) that of cells to drugs that interact with tubulin. Previous studies
will be described elsewhere (S. Yin and F. Cabral, unpub- on Cmd 4 indicated that the D45Y alterationf-tubulin
lished). Although cells transfected with this mutant tubulin affected approximately 35% of the total cellujastubulin
were a little paclitaxel dependent (Figure 7B), they grew well (6). Measurements of soluble and polymerized tubulin

A

100¢
80+

Cell Growth (% Maximum)

60 60
404

20
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Ficure 8: Structural model of a tubulin heterodimer. (A) Ribbon diagram based on the coordinate4)JHribulin is viewed from the

inside of the microtubule. Pink spheres, guanine nucleotides; gray spheres, paclitaxel; yellow sphereydggntaj-subunit; and blue,
a-subunit. Labeled residues include the D45Y colcemid resistance mutation (red) and revertant mutations V60A, Q292H, and A254V
(green). Helix 8 (H8) is shown in white and contains the A254V mutation that confers hypersensitivity to colcemid. (B) Closeup of the
colchicine binding region based on coordinates 1S21).(The orientation represents a°3@ockwise rotation around th#-axis relative

to panel A. Lavender spheres represent colchicine. Hydrophobic residues of helix 8 and a proximal W407 fresuliheit are depicted

in gold. This view down the H8 axis reveals the largely amphipathic nature of the helix and hydrophobic contacts between residues in H8
and colchicine. The side chains of L253 and M257, which make close contacts with the drug, are indicated. A254 (green) faces away from
the drug and towardW407. (C) Further closeup of the colchicine binding pocket depicting all atomsntif of H8. Theorientation
represents-90° (anticlockwise) rotations around tfZe and X-axes relative to panel B. All nonhydrophobic residues are shown in purple,

and hydrophobic residues are shown in yellow. A254 (green) is located in a pocket large enough to accommodate the bulky valine side
chain in the A254V mutant. This side view illustrates the large number of hydrophobic contacts to residues in the C-terminal half of helix
8 and close packing of colchicine (shown as ball-and-stick for clarity) including its A and C rings relative to helix 8. The models were
drawn and analyzed using Insight Il software (Accelrys, San Diego, CA).

showed an increase in the fraction of tubulin that was predicted from the published atomic coordinates (PDB 1JFF)
assembled, consistent with a model in which incorporation (24). Aspartic acid 45 (shown in red) is located in a loop
of f1-tubulin containing the D45Y substitution stabilized connecting helix 1 (H1) with sheet 2 (S2) of the protein
microtubules and led to more assembled tubulin at steadyand predicted to be a major contact region between protofila-
state (2). The increased microtubule stability could then ments forming the wall of the microtubul2%). The residue
explain the increased resistance of Cmd 4 to drugs such asaltered in Cmd 4 is thus in a position where it could well
colcemid and vinblastine that destabilize microtubules and increase stability of the microtubule structure. On the other
the increased sensitivity to drugs such as paclitaxel thathand, D45Y is not close to the site where colcemid binds to
stabilize microtubulesl@, 19). As further reinforcement of  tubulin, making it unlikely to act by changing the affinity
these ideas, we now show that the stabilizing effects of D45Y of tubulin for the drug. Valine 60, the residue altered in
can be counterbalanced by intra-allelic mutations such asrevertant Tax C1, is also in the HB2 loop and occupies a
V60A and Q292H that destabilize microtubules, and at least position within 15 A of D45. We demonstrated that an
in the case of the V60A mutation, confer paclitaxel resistance alanine at this position reduces microtubule assembly and
when expressed in a wild-type background. Although we confers resistance to paclitaxel. When the D45Y and V60A
anticipated that the Q292H alteration would also confer substitutions are combined, their individual effects on
paclitaxel resistance, its effects on microtubule assembly microtubule assembly largely cancel out (Figures 5 and 6),
were more severe as judged by immunofluorescence ofand the sensitivity of transfected cells to paclitaxel and
microtubules in the transfected cells and by biochemical colcemid returns closer to wild-type values (data not shown).
fractionation studies that indicated very little tubulin in the It is possible that V60A returns the structure of the+82
polymerized fraction. Thus, the structural changes in tubulin loop to a more native conformation or it may weaken a
produced by the Q292H alteration may produce flaws in the nearby contact point with an adjacent protofilament and in
microtubules that cannot be overcome by adding paclitaxel. that way counteract the stabilizing effect of the D45Y
Interestingly, a Q292E mutation was recently reported in a substitution.
human lung cancer cell line selected for resistance to Glutamine 292 is located on the opposite sidg-afibulin
epothilone B, another drug that stabilizes microtubulsy. ( from aspartic acid 45 and is in a position to influence the
We speculate that the ability of this latter mutation to produce orientation of the M-loop, a region that is also involved in
epothilone resistance may be due to a less disruptivelateral contacts between protofilaments and likely to interact
structural change induced by the glutamic acid versus thewith the H1-S2 loop of tubulin on the adjacent protofilament
histidine substitution at that amino acid position or to the (25). Thus, it appears reasonable to speculate that Q292H
possibility that other changes occurred in the epothilone reverses the effects of D45Y on microtubule assembly and
resistant lung cells during their multistep selection that drug resistance by weakening the same or similar interaction
mitigate the effects of the Q292E mutation. that is strengthened by D45Y.

The positions of the altered amino acids in the tertiary  The locations of the V60A and Q292H alterations near
structure ofs-tubulin are consistent with the phenotypes they the surface of regions that are predicted to form lateral
produce. Figure 8A shows a molecular model of tubulin contacts in the microtubule structure are consistent with their
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inhibitory effects on microtubule assembly and with the modate the valine side chain without distorting the position
overall model for the mechanism by which mutations we of H8. Therefore, it is unlikely that the A254V substution
have characterized in numerous other mutant cell lines conferacts by causing a significant conformational change around
drug resistancel, 19, 26). The nearly invariant observation the colchicine binding pocket. What then could lead to
we have made with these earlier mutants is that mutationsincreased colchicine sensitivity in the A254V mutant?
that destabilize microtubules confer paclitaxel resistance andExamining which atoms fall witi a 5 A radius of H8
colcemid hypersensitivity4), whereas mutations that sta- reveals that the C-terminal half of the helix has many
bilize microtubules confer colcemid resistance and paclitaxel hydrophobic residues (Figure 8C). Placing a valine instead
hypersensitivity ). A254V represents the first departure of an alanine at residue 254 is likely to increase hydrophobic
from this rule we have encountered in analyzing over 50 interactions with some of the other hydrophobic residues in
mutations and is likely to affect drug sensitivity by a distinct H8 and with the proximadW407 side chain. Such increased
mechanism. By itself, A254V does not confer resistance to hydrophobic contact could lead to greater stabilization of
any drug we have tested but instead confers hypersensitivityH8’s position within the protein or to reduced mobility or
to colcemid and its analogue, colchicine. In contrast to other dynamics of H8. These localized changes might then
mutations we have studied, A254V has no obvious effect preselect a lower energy state for the colchicine pocket that
on steady-state microtubule organization or assembly. Alsofavors colchicine binding. A second possibility is that
unlike V60A and Q292H, A254V is not located near lateral contacts between colchicine and the H8 residues L253 and
contact points in assembled microtubules but rather near theM257 are strengthened as a result of the A254V mutation
intradimer interface (Figure 8A,B), a region that has been and that in turn could lead to enhanced colchicine affinity.

implicated in binding colchicine27, 28). Moreover, A254

is close to M257, a residue that was alteredAspergillus
nidulans mutant cells with reduced binding of benomyl,
another drug that is likely to bind at or near the colchicine
binding site 29). Consistent with the hypothesis that A254V

One might ask why mutations affecting drug binding have
been found so rarely in the past. As we have previously
argued 6), decreased drug binding, such as would be
needed to produce drug resistance, is a loss of function
recessive phenotype that would be unlikely to be seen in

affects colcemid binding, we saw no enhanced sensitivity diploid cells that express multiple tubulin genes. Increased
or resistance to vinblastine, a drug that also destabilizesdrug binding, on the other hand, is a gain of function

microtubule assembly but binds to a distinct site on tubulin

dominant mutation that can be isolated in such cells.

(30). This result stands in direct contrast to all other mutations Unfortunately, direct selections for increased drug sensitivity
we have examined in drug-resistant CHO cells. In those cells,are difficult because the mutant cells are the ones that are
mutations that confer resistance or hypersensitivity to one dying in the selection. In our case, we were able to isolate
drug that inhibits microtubule assembly also confer resistancethe A254V mutation indirectly by selecting for loss of the

or hypersensitivity to virtually all other drugs that inhibit
microtubule assembly.

temperature sensitivity for growth phenotype associated with
the D45Y mutation.

These arguments lead us to conclude that A254V probably The molecular mechanism that allows A254V to reverse

acts by increasing tubulin’s affinity for colcemid. This would
explain the ability of the mutant tubulin to increase cell
sensitivity to colcemid without affecting the assembly or
distribution of microtubules and without abrogating the
ability of the D45Y mutation to elevate microtubule assembly

the temperature sensitive effects produced by the D45Y
mutation is unclear. Previous studies have shown that CHO
cells with mutations ina- or S-tubulin and resistant to
microtubule stabilizing or destabilizing drugs can exhibit
temperature sensitivity for growth3®). The fact that

and produce microtubule bundling. Our conclusion is further temperature sensitivity is not associated with any specific
supported by the recent publication of the crystal structure assembly or resistance phenotype tends to argue that the

of a tubulin—colchicine complex (PDB 1SA0B(Q) showing
colchicine (lavender spheres) nestled into theubunit at
the intradimer interface (Figure 8B). A254 (green) is located
within helix 8 (H8, white, residues 2557) of 5-tubulin,
very close to the colchicine binding site. Using this structural
model, we considered how the A254V mutation might affect
the position, internal stability, or dynamics of H8 to produce
increased colchicine sensitivity. In colchicine bound tubulin,

mutations produce temperature sensitivity by making tubulin
more susceptible to thermal disruption rather than by altering
specific assembly properties or drug binding characteristics.
The fact that A254V can reverse both colcemid resistance
and temperature sensitivity associated with the D45Y muta-
tion could be fortuitous, or it could suggest some as yet
obscure relationship between the colchicine binding region
and tubulin thermal stability. In this regard, it is interesting

H8 (and a turn made of flanking residues) forms one side of to note that colchicine binding has been reported to stabilize

the colchicine binding pocket. Side chains of L253 and M257

the tubulin heterodime3Q). It is tempting to speculate that

in H8 make close contacts with the drug, whereas A254 the A254V alteration could be mimicking some of the

(green) is in the middle of H8 on the outer surface of this
pocket, facing away from the drug. When the colchicine-
bound (PDB 1SA0) and colchicine-free (PDB 1FXX)

structural effects produced by colchicine binding, and this
could explain why the binding pocket has increased affinity
for the drug. Further studies will be necessary to elucidate

structures are superimposed, H8's internal structure, itsthe role of the A254V mutation in reversing the temperature

interactions with other residues i andS-tubulin, and its
position relative to the dimer interface remain intact (i.e.,

there is no noticeable conformational change that ac-

sensitive phenotype of Cmd 4, but it is already clear that
reversion analysis of drug resistant mutants can provide a
useful method to identify interesting mutations that would

companies drug binding). Moreover, a valine substitution at otherwise be difficult to isolate.

A254 would be unlikely to disrupt the helical structure of

H8, and the A254 pocket itself is large enough to accom-

These studies demonstrate that cellular resistance to
microtubule inhibitory drugs can revert back to sensitivity
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through at least two distinct mechanisms. One mechanism,

exemplified by V60A and Q292H mutations, acts by altering

microtubule assembly and stability in a manner that opposes

the

effects of the original D45Y mutation. A second

mechanism, exemplified by the A254V mutation, does not

oppose the assembly effects of the D45Y mutation and has

no direct effect on microtubule assembly and stability on its
own. Rather, it appears to act by increasing the affinity of
tubulin for the microtubule inhibitory drug.
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