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Abstract

Since the discovery of tubulin as the major component of microtubules over 40 years ago, its
diversity of forms has raised a continuum of fundamental questions about its regulation and
functions in a variety of organisms across phyla. Its high abundance in the brain or in specialized
organelles such as cilia has allowed early characterization of this important target for anticancer
drugs. However, it was only when matrix-assisted laser desorption ionization and electrospray
ionization mass spectrometry technologies became available in the late 1980's that the full
complexity of tubulin expression patterns became more obvious. This contributed in a major way
to the idea that due to increasing and conserved tubulin heterogeneity during evolution, a tubulin
code read by microtubule associated proteins might exist and be of functional significance. We
review here the merging of recent genetic and cell biology studies with proteomics to decipher this
code and illustrate some of the tubulin proteomic approaches with new data generated in our
laboratories.
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Introduction

Microtubules (MT53) are dynamic polymers of a/f tubulin heterodimers that are involved in
numerous processes such as cell division and migration. MT dynamics is characterized by
stochastic transitions between phases of growth and phases of disassembly (catastrophes)
and vice versa (pauses and rescues) occurring at the tips of MTs [1]. The resulting basal
dynamics is precisely tuned by the expression profile of tubulin isotypes [2], the transient
association of proteins to MTs and by the crosstalk between MTs, chromosomes, actin
filaments and adhesion sites [3]. MTs also function as a scaffold for a large number of
signaling proteins and may serve to localize and regulate their activities. Protein-protein
interactions occurring at the surface of MTs have been shown to depend on the extent and
nature of tubulin posttranslational modifications [4-6]. Progress in deciphering the
enzymatic complexes involved in these modifications of tubulin has enabled the
development of in vivo models that are key to obtaining insight into the functional
significance of this diversity of tubulin species [7; 8]. Besides the physiological role of the
spatio-temporal expression of different tubulin isotypes, some forms of tubulin have been
associated with disease states and therefore represent useful biomarkers [9-13]. These
findings underscore the need for advanced qualitative and quantitative analytical approaches
allowing the detection of a- and B-tubulin isotype expression in human cells and tissues.
This review will focus on the contributions of high resolution protein separation and mass
spectrometry either directly towards this goal or indirectly through the validation of
antibodies directed against specific a- or B-tubulin isotypes. The other members of the
tubulin family of proteins (v, 8, &, {) are not included in the review, but some of the cited
principles may be applicable to the analysis of their expression.

Tubulin isotypes and functional significance: first hints of a tubulin code

Tubulin is a 100 kDa heterodimer formed by an a- and a B-subunit that are equivalent in size
and structure [14]. In mammals, tubulin represents about 3—-4% of the total proteins in cells
and up to 10% in brain. In humans, eight a-tubulin and seven p-tubulin genes have been
identified [15; 16]. These tubulin isotypes have been detected at the mRNA and/or protein
level and are differentially distributed in tissues [16]. Additional complexity is generated by
the fact that each isotype can undergo extensive posttranslational modifications, including
polyglutamylation, polyglycylation, reversible tyrosination, phosphorylation and acetylation
[16]. Consequently, a great number of combinations of tubulin subunits can form tubulin
heterodimers. Nevertheless, only a subset of these possible combinations are expressed in a
given cell population. So far, it appears that the degree of complexity in posttranslational
modifications is related to the stability of MTs, with highly dynamic MTs being relatively
unmodified [17-19]. Heavily modified stable MTs are concentrated in specialized organelles
such as centrioles and cilia or in the axons of neurons. More broadly, the proportion of

3Abbreviations. CID/PSD: collision induced dissociation/post source decay; CNBr: cyanogen bromide; d3- or dO-Leu: 2H n=3 Leu
or H n=3 Leu; 1D or 2D: mono- or bi-dimensional; ESI: electrospray ionization; FA: formic acid; FT ICR: Fourier transform ion
cyclotron resonance; IEF: isoelectrofocusing; IPG: immobilized pH gradients; LC: liquid chromatography; MALDI-TOF: matrix-
assisted laser desorption ionization-time of flight; MAPs: microtubule associated proteins; MES: 4-morpholineethanesulfonate; MKs:
megakaryotypes; MT: microtubule; pl: pH at isoelectric point; QTOF: quadripole-time of flight; SILAC: stable isotope labeling with
amino acid in culture; SLPI : secretory leukocyte protease inhibitor; TFA: trifluoroacetic acid; TTL : tubulin tyrosine ligase; TTLL:
TTL-like.
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stable vs dynamic MTs tends to increase and the tubulin isotype expression profile changes
during cell differentiation. One exciting possibility is that the extensive tubulin diversity
represents a complex code that can be deciphered and acted upon by interacting proteins
[17; 20; 21].

Alignment of the amino acid sequences of the a- or B-tubulin isotypes reveals that most of
the divergence is contained in the last 20 amino acids [16]. Tubulin nomenclature based on
these divergent sequences is still confusing (see Table 1 for new and old names of human a
and B-tubulin isotypes). For B-tubulin, we favor the concept of class I, 11, 111, IV, V, VI that
is used for human B-tubulins, and we applied in the text this nomenclature to mouse -
tubulin for simplicity. This is possible because either the C-termini of human and mouse
tubulins are identical or they display minimal divergence. For non mammalian organisms,
this is not applicable therefore we used the names as they appear in literature.

With the exception of acetylation of Lys40, most known posttranslational modifications of
tubulin occur within this highly acidic and unstructured region that lies as a flexible arm at
the surface of the MT lattice [14]; this location makes the C-termini of tubulin accessible to
the enzymes responsible for the various posttranslational modifications and for interactions
with regulatory, structural and motor proteins. In addition, in vitro studies have indicated
that the ability of certain structural and motor microtubule associated proteins (MAPS) to
interact with tubulin varies with the length of the polyglutamyl side chain [4-6].

Until recently, strong evidence of the existence of a tubulin code which translates into
specific functions in vivo has been lacking. The first insights came from invertebrates.
Drosophila testis specific f2-tubulin cannot be substituted by the more ubiquitous B3 isotype
during spermatogenesis [22]. Surprisingly, Hvft the closest ortholog of Drosophila 32-
tubulin from another insect, Heliothis virescens, with equivalent function in the formation of
axonemal MTs in spermatides, could not substitute for Drosophila B2-tubulin, despite the
presence in both C-terminal sequences of the EGEF motif common to axonemal p-tubulin
conserved across evolution [22; 23]. Similar results were obtained with the Drosophila
a-84B testis specific tubulin [24]. In the worm Caenorhabditis elegans, the f-tubulin mec-7
is associated with the 15 protofilament MTs of touch neurons [25]. Similar functional
genetic studies of a tubulin isotype in vertebrates comes from a knock-out mouse model for
B1-tubulin which is normally specifically expressed in the blood cell lineage, like its avian
6- and human BVI-tubulin orthologs [26]. fVI-tubulin is the most divergent and in mouse it
represents the major -tubulin isotype expressed in megakaryocytes (MKSs) and concentrates
in the marginal bands of protoplatelets and platelets. pV1~/~ -tubulin mice harbor MKs that
fail to form protoplatelets in culture and they present severe thrombocytopenia. Also,
platelets from these mice have their marginal bands depleted of microtubules and total
tubulin content, and their response to thrombin-induced activation is attenuated [26].
Interestingly, two other B-tubulin isotypes, 2 (human BI1) and 5 (human BlI), are
overexpressed in MKs from VI~ mice which obviously does not compensate for the lack
of pVI-tubulin. Moreover, in a search for MAPs specifically interacting with pVI-tubulin, a
yeast two hybrid system using the C-terminal domain of BVI-tubulin as a bait identified the
secretory leukocyte protease inhibitor (SLPI) [27]. When the bait was replaced by the pI-
tubulin equivalent no such interaction was found. SLPI colocalizes with platelet
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microtubules in wild type mice and is released from platelets upon their activation by
thrombin, however not in V17~ mice. Collectively, these observations underscore the
existence of specific functions of VI-tubulin related to platelet biogenesis, structure and
function.

The most recent progress in determining how the tubulin isotype composition of
microtubules can specify function in vivo comes from the identification of some of the
enzymes responsible for tubulin-specific posttranslational modifications. The C-terminal
tyrosine of a-tubulin can be removed by a still unidentified carboxypeptidase. This tyrosine
residue can be added again to detyrosinated a-tubulin (glu-tubulin) by tubulin tyrosine
ligase (TTL) but cannot be added when the penultimate glutamate residue of glutubulin has
been removed (A2-tubulin) by another unknown carboxypeptidase [28; 29]. This
detyrosination-tyrosination cycle operates in various eukaryotes except in yeast, where the
C-terminal tyrosine is replaced by a phenylalanine and no TTL is expressed. In order to
decipher the role of this cycle, a budding yeast strain, lacking the last phenylalanine residue
of its unique a-tubulin, was generated and displayed a defect in nuclear oscillations during
cell division [30]. This was due to a lack of interaction between glu-tubulin and Bik1p, the
budding yeast homolog of mammalian CLIP-170, at the plus ends of microtubules. This
delocalization of CLIP-170 from microtubule plus ends due to the absence of the C-terminal
tyrosine on a-tubulin was confirmed in TTL™/~ neurons and embryonic fibroblasts, in
cultures isolated from knock-out mice [7]. TTL™~ neurons exhibit unstable neurite
extensions and premature axon differentiation that are associated with the death, soon after
birth, of TTL~/~ mice whose brain presents neuronal disorganization. TTL™/~ fibroblasts
present defects in mitotic spindle positioning and in polarity during migration [31]. The
structural bases for this requirement for tyrosinated a-tubulin in the interaction between
microtubules and CLIP-170 were recently uncovered (see ref [32] for review). Addition of
side chains of glutamate residues on tubulin C-termini is performed by TTL-like enzymes
(TTLL), comprised of different subunits [33]. In mammals TTLL1 and TTLL7
preferentially catalyze the addition of glutamate residues to a- and p-tubulin, respectively
[34]. TTLL1 activity requires the presence of a PGs1 subunit whose function is lost in
ROSA22 mice [8]. These mice have a loss of a-tubulin polyglutamylation in neurons and a
decreased affinity of MAPs and motors for their microtubules. In particular, an impairment
of the targeting of the kinesin KIF1A to neurites in vivo correlates with a decreased density
of its cargo synaptic vesicles that modulates continuous synaptic transmission. Mutations in
polyglycylation sites of Tetrahymena thermophyla in p-tubulin, but not a-tubulin, induce
death, but axonemes from heterokarions lack the central pair of microtubules and arrest in
cytokinesis [35].

We can expect further insights into the functional translation of the tubulin code with the
knock-out of minor tubulin isotypes or of isotypes more specifically expressed in certain
organs, and with the identification of other enzymes modifying specifically or preferentially
tubulin (polyglycylases, carboxypeptidases, acetyl transferase, kinases ...). Mass
spectrometry and other proteomic methods have been essential for the detection of tubulin
posttranslational modifications (see below), the validation of knock-out models and the
identification of TTL and TTLLs.

Anal Biochem. Author manuscript; available in PMC 2014 May 30.
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Analysis of tubulin expression profiles: key contributions from mass

spectrometry

Tubulin isotype expression profiling has been frequently assessed by RT-PCR of mRNA
and at the protein level by antibody-based approaches [2]. These approaches are useful in a
high-throughput setting, but results must be cautiously interpreted. This is particularly
relevant to B-tubulin MRNA because it appears to be autoregulated by the level of the free p-
tubulin in cells [36], implying that levels of MRNA may not reflect levels of the
corresponding tubulin. Antibodies directed against the C-terminal peptides of most of the -
tubulin, but not a-tubulin, isotypes are readily available and have been extensively used to
evaluate their respective isotype expression levels. However, such studies are semi-
quantitative at best, due to the differing binding affinities of the antibodies employed.
Specificity of some of these antibodies needs to be further verified. Antibodies recognizing
polyglutamylated tubulin are also available, but they provide no information as to the exact
length of the appended side chain. Moreover, multiple entries for some human tubulin
isotypes can be found in the databases and determination of which of these are effectively
expressed at the protein level is necessary in order to detect mutations or polymorphisms.

Mass spectrometry (MS)-based analyses were thus instrumental in first detecting and
characterizing in detail the complexity of tubulin protein species and also in the validation of
tubulin sequences and of antibody specificity. The methodologies leading to these goals and
the emergence of MS based quantitation of tubulin isotype expression are presented in the
following paragraphs.

Focus on C-terminal tubulin peptides

Tubulin analysis by MS was pioneered using brain and axonemal/cilia material because of
their high content of tubulin [37; 38]. Since the carboxyl-terminal peptides are both
characteristic of a specific tubulin isotype and are also the main site for posttranslational
modifications, generation and purification of these peptides from tubulin has been the basis
for most mass spectrometry-based characterization of tubulin across phyla [39-55]. These
carboxyl-terminal peptides can be generated from purified tubulin by chemical cleavage
with cyanogen bromide (CNBr) or enzymatic digestion with an endoprotease. In most
studies, anion exchange enrichment of these acidic peptides was performed prior to reverse
phase HPLC separation and MS. Antibodies have also been used to capture specific
populations of carboxyl-terminal peptides on immuno-affinity columns thereby allowing the
analysis of discrete tubulin isoforms. Frankfirter and colleagues have combined CNBr
cleavage and antibody capture of C-terminal peptides to demonstrate the glutamylation and
phosphorylation of BlI-tubulin from bovine brain [56].

Determination of tubulin composition is more difficult to achieve from material where
tubulin is less concentrated such as cells in culture or in non-neuronal tissues. Sackett used
rapid high yield purification of tubulin from cell and tissue extracts by solid-phase ion
exchange chromatography [57] but the cartridges used are no longer available from the
manufacturer. This method needs to be adapted to spin-columns or mini columns that are
easily available. As an alternative, Taxol, which decreases the critical concentration of
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Verdier-Pinard et al.

Page 6

tubulin for polymerization, can be used to isolate assembly-competent tubulin from cell
extracts obtained by sonication and ultracentrifugation [58]. We have selected the most
direct analytical protocols, from sample preparation to MS, to study tubulin isotype content
in cells in culture.

CNBr released C-terminal tubulin peptides

In our initial analysis of human cell lines we used CNBTr to release the C-terminal tubulin
fragments [59], a method that was first used to detect posttranslational modifications of BllI-
tubulin from bovine brain [56] and polyglycylated tubulin from bull sperm [49]. CNBr
efficiently cleaves C-terminal to methionine residues and releases peptides with a C-terminal
homoserine lactone, except when a serine or threonine residue follows methionine in the
amino acid sequence. Direct MS analysis of the human a- and p-tubulin CNBr-derived C-
terminal peptides is facilitated because their masses are all unique and are in the 2000-4000
mass range (Table 1), and their acidic nature makes them amenable to selective MALDI-
TOF-MS detection in the negative ion mode [60]. For MS analysis, total cell extracts are
resolved by SDS-PAGE, transferred to nitrocellulose, and the region of the blot
corresponding to tubulin (~ 50 kDa) excised and cleaved with CNBr/formic acid. A rabbit
polyclonal antibody prepared against a synthetic peptide corresponding to the final 12 amino
acids of human a1B-tubulin (Kal in old nomenclature [15], see Tablel) was used to follow
the release of the CNBr C-terminal fragment. Under our cleavage conditions [59], i.e. CNBr
(150 mg/ml) in 70 % formic acid for 3.5 hr at room temperature, no immunoreactivity
remained on the nitrocellulose membrane after the incubation period indicating a complete
CNBr cleavage/release of the C- terminal peptides.

We applied this methodology to bovine brain tubulin and tubulin from total extracts from
MDA-MD-231 and A549, breast and lung cancer cell lines, respectively [59]. In these
human cells, three major, and several minor, molecular ions were clearly resolved. To
confirm that these ions were derived from tubulin peptides, the three major ions were
subjected to MS/MS. The fragmentation patterns obtained confirmed that the molecular ions
with m/z values of 2860.5 and 3367.0 corresponded to the C-terminal CNBr fragments of
alB- and I tubulin, respectively (Table 1). However, the molecular ion with a m/z value of
2590.4 did not correspond to the mass of any cloned a/B-tubulin C-terminal fragment in the
databases at that time. A partial fragmentation pattern for this molecular ion was observed
by MS/MS and yielded ions corresponding to the first several N-terminal amino acids of a
peptide that was clearly derived from an a-tubulin. The remaining sequence of this peptide
was determined by a combination of tandem MS and MALDI-TOF MS analysis of partial
carboxypeptidase Y digests. The amino acid sequence of this peptide shared similarities with
the corresponding region of the mouse a6 isotype, but was clearly distinct. Subsequently,
the gene encoding the human al1C-tubulin (a6 in old nomenclature [15], see Table 1) was
identified [61] and the deduced sequence of its C-terminal peptide was identical to the
sequence we had obtained [59]. The minor ion with a m/z value of 3478.9 was tentatively
identified as the pIVb isotype [59].

Because of ion suppression effects in MALDI-TOF MS, comparison of m/z peak intensities
from two different peptides does not reflect the relative expression of the proteins from

Anal Biochem. Author manuscript; available in PMC 2014 May 30.
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which they were derived. lons from minor tubulin species could be suppressed by the
presence of more highly abundant C-terminal tubulin peptides. In addition, peptides may
have differential ionization efficiencies. Consequently, analysis of the C-terminal tubulin
peptides derived from total cell extracts may underrepresent specific isotypes [59].
Therefore, we reduced the complexity of the sample prior to CNBr digestion [62] by
performing a Taxol-based purification of tubulin from cell extracts followed by the
separation of a-tubulin and p-tubulin by SDS-PAGE before transfer to a nitrocellulose
membrane. Tubulin can be resolved into two distinct bands by 1D SDS-PAGE using SDS
containing large aliphatic chain alkyl sulfate contaminants [63]. This separation of a- and p-
tubulin can be improved by raising the pH of the electrophoresis running buffer to 9.5 and
adding up to 6M urea to a 10% acrylamide resolving gel [49]. With mammalian tubulin, the
band with the slowest electrophoretic mobility contains only a-tubulin and the fastest -
tubulin (Fig. 1). The region of the blot containing either a-tubulin or f-tubulin was treated
with CNBr and MALDI-TOF MS analysis of CNBr peptides was performed in the negative
ion mode (Fig. 1). These modifications were used with A549, HMEC-1 vascular endothelial
cells (Fig.1) and HeLa cell extracts [64], which resulted in a major increase of the m/z peak
intensity, corresponding to the BlVVb-tubulin C-terminal peptide compared to that obtained
from tubulin analyzed from unfractionated cell extracts [59]. Also, very small peaks of the
C-terminal peptide of tyrosinated a4-tubulin were detected. Formic acid diluted to 70% was
used to dissolve CNBr, and in most experiments, only minor or undetectable m/z peaks,
corresponding to formylated peptides, were observed in mass spectra (Fig. 1, top panels).
When formylation of serine and threonine residues was extensive (Fig. 1, middle and bottom
panels), the profiles of m/z peaks of B-tubulins were more complex and resulted in a strong
decrease in intensity of the CNBr C-terminal peptide from f1VVb-tubulin (Fig. 1). Because of
this variability, it is recommended that trifluoroacetic acid (TFA) be used instead of formic
acid.

However, the BlI, BI1I and BIVa-tubulin C-terminal peptides are still undetectable with this
method, whereas RT-PCR-based analysis of mRNA isolated from A549 cells, for instance,
reveals the expression of these isotypes [2]. Since we could detect pll tubulin in bovine brain
microtubule preparations [59], where it is the major isotype, we presumed that our inability
to detect the Bll-tubulin in human cancer and vascular endothelial cell lines was not a
problem inherent to our MS-based method. In an attempt to detect them at the protein level,
we implemented further separation of each isotype in combination with trypsin digestion or
CNBr cleavage and MALDI-TOF MS.

Benefits from high resolution isoelectrofocusing of proteins

The recent technological improvements in isoelectrofocusing (IEF) and the commercial
availability of precast immobilized pH gradient (IPG) gel strips were instrumental in
separating tubulin isotypes. These IPG gels, up to 24 cm in length and containing a narrow
pH gradient from 4.5 to 5.5, allows the resolution of tubulins that differ in pl by only 0.01
pH units. (Table 1). After polymerization in cell extracts, the Taxol-stabilized microtubules
are pelleted and solubilized in IEF sample buffer prior to isoelectrofocusing. Proteins can be
stained in IEF gels with imidazole and zinc salts [62] with subsequent direct processing by
enzymes or chemicals. For practical reasons, we also used Coomassie staining which

Anal Biochem. Author manuscript; available in PMC 2014 May 30.
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produces low background on IPG strips [62]. Protein bands are cut out of the strips with the
plastic backing, processed for trypsin digestion [62] or CNBr cleavage [65] and analyzed by
MALDI-TOF MS analysis in the positive and the negative ion mode, respectively. Mass
analysis of each tryptic digest detected several isotype specific peptides that confirmed the
predicted position of the individual tubulin isotypes expressed in the MDA-MB 231 and
A549 cell lines [62]. In addition, the expression of l11-tubulin was clearly demonstrated.
When we combined high resolution IEF separation of tubulin isotypes and CNBr cleavage,
the tubulin C-terminal peptide from each protein band corresponded to the expected tubulin
isotype based on respective pl and previous tryptic peptide-based identification [65].
Moreover, the presence of monoglutamylated tubulins was also established, and human V-
tubulin, for which no antibody was available, was detected for the first time at the protein
level in human cells [65]. Nevertheless, no C-terminal Bl1I-tubulin peptides were detected
from CNBr cleavage of the band containing pll1-tubulin. Thus, we examined the MALDI-
TOF MS behavior of an identical synthetic C-terminal BIlI-tubulin peptide in the negative
ion mode and found no problem of ionization/desorption and retention of a sufficient signal
to noise ratio even at high dilutions (unpublished personal observations). We concluded that
this peptide might be particularly sensitive to ion suppression. CNBr C-terminal peptides
from BlVa-tubulin or tryptic peptides specific for this isotype were not detected at either of
the two predicted focusing positions (Table 1), thereby calling into question previous results
(2). Because BI- and BllI-tubulin have the same pl, we used an A549 epothilone-resistant cell
line (A549.EpoB40) that bears a mutation, Q292E, in l-tubulin [66] that shifts its position
on IEF gels to a more acidic pl (Fig 1A). A band was still visible at the position of the wild
type Bl-tubulin and CNBr cleavage of this band yielded a C-terminal Bl-tubulin peptide and
a small m/z peak that matched the (M-H) calculated value for C-terminal pll-tubulin peptide
(Fig.2B, Table 1), indicating that BlI-tubulin was expressed at low levels.

In principle, the combination of IEF and MS for the analysis of tubulin isotypes from cells in
culture can be applied to tissue samples. Nevertheless, there are more uncontrolled variables
in tissue proteomic studies such as physiological conditions prior to death, lag-time between
death and tissue processing, methods of preservation and storage, and the presence of
associated fat tissue and blood vessels. We initiated a tubulin isotyping study in mouse
tissues and encountered difficulties in obtaining tubulin from liver. By raising ionic strength,
high concentrations of glutamate are known to promote tubulin stabilization and
polymerization [67], while preventing co-purification of MAPs. Therefore, glutamate was
added to the usual MES-based extraction buffer. This modification in combination with
Taxol-induced polymerization increased significantly the yield of tubulin isolated from
mouse liver. This modification was used in a study of tubulin isotype expression during
induced tumorigenesis in rat liver by the IEF-MS approach [13]. After CNBr cleavage of an
IEF band with a slightly more basic pl than fIVb-tubulin, a peak was detected at m/z of
3308.31. MS/MS analysis allowed for the assignment of this peak to the f1Vb isotype with
two residues proteolytically removed from the C-terminus.

The ability to resolve and identify each tubulin isotype on high-resolution IEF gels also
allowed us to evaluate the specificity of a panel of tubulin isotype-specific antibodies [62].
The anti-B-tubulin isotype monoclonal antibodies produced and characterized by R.F.
Luduefia and coworkers [16] represent valuable tools that have helped to unravel some of
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the functional significance of the different tubulin isotypes. Based on the combination of
IEF and MS described above, and after transfer of tubulin from IEF gels onto nitrocellulose,
no cross-reactivity of the anti-l, pl11-, and pIV-tubulin antibodies was observed [62].
However, the anti-pll-tubulin antibody, JDR.3B8 (antigen: EGEEDEA; [68]), and the anti-
Bl-tubulin antibody had identical Western blot patterns of tubulin isotypes isolated from
A549.EpoB40 expressing Q292E Bl-tubulin [62], demonstrating extensive cross-reactivity
of this anti-l1-tubulin antibody with gl-tubulin. In order to evaluate the 11 content in
human immortalized endothelial cells (HMEC-1), we performed 2D electrophoresis and
used another monoclonal anti-I1 antibody, 7B9 (antigen: EEEEGEDEA, [69]). Although
there was no cross-reactivity with pl (Fig 3) a spot was labeled with the expected pl (Table
1) and additional spots located between a-tubulin spots were labeled that may represent
basic forms of p-tubulin. Such uncharacterized basic forms of 3-tubulin have been described
previously [70]. Note that the Bll-tubulin C-terminal sequence was used as an antigen to
produce JDR.3B8 and 7B9 antibodies from chicken and human BlI-tubulin sequences,
respectively. Similarly, C-terminal avian, rodent and human C-terminal sequences for pV-
tubulin are distinct [65].We produced a polyclonal antibody that specifically binds to human
BV-tubulin (Fig 3), based on our previous combined IEF-MS analysis [62], whereas R.F.
Luduefia and co-workers produced a monoclonal anti-gV-tubulin, SHM.12G11, recognizing
mouse but not human BV-tubulin [71]. We checked the specificities of anti-a1C- and anti-
al1B-tubulin antibodies using this approach and showed that the former was specific for a1C
and the latter cross-reacted with a1C [72].

Determination of the mass of expressed tubulin isotypes by LC-MS

Although some tubulins have identical pls, their presence in Taxol-stabilized microtubules
can be detected by electrospray ionization (ESI)-mass spectrometry [64; 65; 73]. Tubulins
were first separated by reversed-phase HPLC on C4-columns using linear aqueous
acetonitrile gradients containing TFA prior to in-line MS. If necessary, samples can be
reduced and alkylated prior to LC and poorly soluble tubulins can be solubilized in 6 M
guanidine-HCI with no change in retention time. As expected, all the masses in the range of
human tubulins elute from the HPLC column at retention times corresponding to the largest
total ion current peak [64; 65; 73]. After averaging the scans, we obtained overall profiles of
the deconvoluted mass spectra that matched closely those of BI-, BIVb-, a1C-, tyra4-, alB-,
glu-al1B-, BV- and BllI-tubulin (Table 1, [64; 65; 73]) from human cancer cell lines. The
identity of the A549 tubulin isotypes was confirmed by tryptic mass mapping of the isotypes
resolved on the C4 column. In these experiments, the column effluent was split for fraction
collection and for delivery to the ion trap mass spectrometer. The total ion current was
deconvoluted in one min segments across the gradient and fractions that contained the same
protein masses were pooled. After removal of solvents, tryptic digestion was performed and
the resulting peptides were analyzed by MALDI-TOF MS and tubulin isotype-specific
tryptic peptides were identified [64; 65; 73]. No Bl or BlVa isotype-specific tryptic peaks
were observed during these mass mapping experiments, but SI11 tubulin and its
monoglutamylated isoform were detected.

In addition, the search for tubulin mutations in cell lines selected for resistance to
microtubule-stabilizing drugs, such as Taxol and the epothilones, has been largely restricted
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to Bl-tubulin. However, mutations in a1B-tubulin in some drug resistant cell lines also occur
[72; 73]. Moreover, BIVb- and a1C-tubulins are present at significant levels in many of the
cell lines examined [59; 62; 64; 65; 73]. Although technically feasible, the complete
sequencing of the multiple tubulin transcripts in human cell lines would be a lengthy and
difficult task partly because they are so highly conserved. Knowing whether mutations that
occur to a single tubulin allele are expressed, and to what levels, is important since the ratio
of wild-type to mutant tubulin should influence the level of resistance. A major advantage of
the LC/ESI-MS method is that it can be used directly to analyze mutations that occur to
tubulin isotypes in drug-resistant cell lines [64; 73]. In a series of Taxol- and epothilone-
resistant human cell lines that harbor heterozygous mutations in either 1 and/or a1B-
tubulins, the expression of the mutant tubulins was clearly observed at levels that appeared
higher than the wild-type isotype [64; 73]. Using an ion trap mass spectrometer in these
studies, we were able to discriminate wild-type and mutant l-tubulins that differ in mass by
26 daltons. Higher resolution mass spectrometers should be better able to discriminate
expression of mutant tubulins.

Mass spectrometry-based quantitation of tubulin

Differential expression of a and p-tubulin isotypes has been proposed as a potential
mechanism of resistance towards microtubule-targeting drugs. The level of B-tubulin MRNA
is regulated by the size of the pool of free tubulin dimers [36], itself dependent on the levels
of expression of associated proteins such as stathmin [2]. Therefore, quantitation of tubulin
protein expression is also important to assess the status of the microtubule cytoskeleton in
cells. Because of different ionization potentials of peptides, ion suppression effects and
variation in response by detectors, mass spectra cannot be used directly to determine the
amount of tubulin between different samples or the relative expression of tubulin isotypes in
a given sample. Nevertheless, in the past few years several labeling methods have been
introduced that allow investigators to quantify relative protein levels between biological
samples and absolute levels in individual samples (see ref [74] for review).

In our tubulin proteomics program, we have quantified the relative tubulin expression levels
in human cell lines using stable isotope labeling by amino acids in cell culture (SILAC) [75;
76] to differentially label proteins in Taxol-sensitive and resistant cell lines or Taxol-treated
vs non-treated cells (Fig 4). In the SILAC method, two cell lines are cultured for several
generations in media containing either a “heavy” essential amino acid (e. g., 2H n=3-Leu

or 13C n=6-Arg) or its normal “light” counterpart. After five doublings in the presence of the
“heavy” medium, the majority of the “light” tubulin has been replaced by its “heavy”
counterpart. For relative quantitation of protein expression levels, equal amounts of total
cytosolic proteins from cell lines grown in “light” medium and “heavy” medium are mixed,
separated by electrophoresis and digested by trypsin, prior to MALDI-TOF MS. In the case
of the leucine labeling protocol, for example, leucine-containing tryptic peptides will be
represented by two isotopic envelopes separated by a multiple of 3 Da in the mass spectra,
depending on the number of leucine residues in the peptide. Since both heavy and light
tryptic peptides are chemically equivalent, the ratio of signal intensities for each peptide pair
is a reflection of the relative protein levels in the two samples.
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After labeling cells with either d3- or dO-Leu, equivalent amounts of total protein from each
corresponding cytosolic extract are mixed and tubulins are isolated by Taxol-induced
polymerization and resolved by 1D SDS-PAGE for relative quantitation of total a- and p-
tubulin levels (Fig 4). For relative quantitation of individual tubulin isotype levels, samples
are separated by IEF and gel bands containing a particular isotype analyzed by tryptic mass
mapping [65]. This approach allowed us to demonstrate that f\V-tubulin is specifically and
significantly overexpressed in Hey, an ovarian cancer cell line, compared to A549 cells [65].
It showed also that low concentrations of Taxol were able to increase the level of total
tubulin and that this increase in expression was conserved in resistant cells selected with
Taxol. This trend was confirmed by SILAC experiments with two other Taxol-resistant cell
lines, A549.AT12 and A549.AT24, which express respectively 1.98 £ 0.21 and 2.11 + 0.35
fold more tubulin compared to A549 cells.

For relative specific quantitation of a tubulin species in a tissue such as rat liver, we

used 15N-labeled tubulin synthetic peptides as standards [13]. An internal CNBr peptide,
common to all rat B-tubulins, was synthesized with two additional C-terminal residues
following the methionine such that CNBr fragmentation of this standard peptide would lead
to formation of homoserine lactone identical to that resulting from the cleavage of
endogenous B-tubulin in the sample. The other standard was the CNBr C-terminal peptide
corresponding to fIVb-tubulin lacking the last two residues; a modification of fIVb-tubulin
found in rat liver tumors [13]. Standard peptides were added to the SDS-PAGE gel piece
containing tubulin prior to CNBr cleavage. The relative intensities between m/z peaks from
light sample peptides and corresponding heavy standard peptides in MALDI-TOF MS
spectra in the negative ion mode were calculated. The use of the internal B-tubulin peptide
for normalization of total B-tubulin levels among samples determined that the C-terminal
dipeptidic deletion form of IVb-tubulin was increased by 3-fold in precancerous and tumor
bearing livers compared to livers from control rats unchallenged by carcinogens [13].

Despite the undeniable advantage of highthroughput flexibility offered by antibody- based
quantitation of tubulin isotype expression, the methodology is contingent on proper
validation, limited multiplexing, compatibility with fixation procedure and careful
determination of the signal dynamic range that depends on the antibody itself and the
detection method used. Indeed, detection of differences in expression between 1- and 2-fold
as revealed by SILAC (Fig 4) would be difficult to assess by Western blotting. Mass
spectrometry-based relative quantitation is useful when no specific antibody is yet available
for a newly discovered tubulin species [13; 65].

Use and development of tubulin proteomics

Collectively, high resolution IEF-MS and LC-MS determination of pl and MW of human
tubulin isotypes, respectively, constitute a bi-dimensional analysis that validates which
sequences are expressed at the protein level. Nevertheless, each of these approaches has its
limitations and some tubulin species may be below the detection level. Taxol-dependent
polymerization does not selectively enrich for specific f-tubulin isotypes [62], but it may
exclude from the analysis a non polymerizable, but not necessarily denatured, pool of
tubulin in the cell material used. Even at the highest available resolution of tubulin isotypes
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by IEF, incomplete focusing of tubulin isotypes cannot be avoided (Fig. 2 and 3). This can
be viewed as and advantage as the major C-terminal peptide can provide internal calibration.
Pursuit of functional studies on tubulin posttranslational modifications such as
polyglutamylation [8] and detection of less well characterized modifications such as
phosphorylations [56; 77], oxidation [78], nitrosylation [79], sumoylation [80] and
proteolysis [81] will require the use of mass spectrometry. Importantly, statistical methods
for the analysis of complex mass spectra [82] and the development of relative or absolute
quantitation using isotopically labeled synthetic peptides as standards will help in the
detection of differential expression of tubulins in tissues.

The impact of tubulin proteomics in the clinic is still limited but it may be important for the
discovery and validation of tubulin-based biomarkers. Changes in tubulin isotype expression
profiles, including posttranslational modifications may be signs of physiological alterations
associated with disease progression or an indicator of a risk for an illness that could be
prevented [9-13]. Based on immunohistochemistry, the increase in l11-tubulin expression
in tumors has been associated with resistance to drug treatment and with poor prognosis
[83]. Mass spectrometry has qualitatively confirmed the specificity of antibodies against
Bl-tubulin, but quantitative mass spectrometry-based approaches could be used also to
demonstrate that the observed increase in pllI-tubulin is specific for this isotype. It is likely
that the association between antibody-based isolation of a particular isotype, such as pllI,
and mass spectrometry-based analysis of posttranslational modifications will reveal the full
potential of tubulin as a useful biomarker in cancer, neurological disorders or other diseases.
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Figure 1. Mass spectrometry analysis of CNBr C-terminal peptides from a- or B-tubulins-
separated by SDS-PAGE

Tubulin was isolated from A549 or HMEC-1 cells and separated on a 10 % acrylamide gel
containing 2 M urea at pH 9.5. After Coomassie staining, the gel band containing either a-
tubulin (left panels) or -tubulin (right panels) was incubated with CNBr and formic acid
(FA) and analyzed by MALDI-TOF MS in the negative mode. Top and middle panels, two
independent preparations of CNBr peptides from tubulin isolated from A549 cells; bottom
panels, CNBr peptides from tubulin isolated from HMEC-1 cells; mono- and bi- formylated
peptides are labeled by one star (+28 Da) and two stars (+56 Da), respectively;
monoglutamylated peptides are labeled with filled symbols (+129 Da); peptides from the
different tubulin isotypes are indicated as follow: a1C (), detyrosinated a1B (7, =163
Da), tyrosinated a4A (O, +163 Da), alB (V), Bl (O), pIVb (A). The assignment of each
m/z peak for B-tubulin is an interpretation based on the CNBr C-terminal peptides of pl- and
BIVb-tubulin and their monoformylated derivatives.
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Figure 2. Mass spectrometry analysis of CNBr C-terminal peptides from IEF-separated tubulin
isotypes from A549 and A549.EpoB40 cells

A, Schematic representation of a portion of an IPG strip (pH 4.5-5.5) with predicted
positions of tubulin isotypes depicted as vertical black bands starting with
monoglutamylated I-tubulin (band 1, pl: 4.76) and finishing with a1C-tubulin (band 8, pl:
4.96). Bands 2 to 7 represent Bl-, f1Vb-, monoglutamylated B111-, BI11, monoglutamylated
alB-, tyrosinated a4A/al1B- and al1C-tubulin, respectively. On Coomassie-stained IEF gels,
the black indicate the position of wild type and mutated pl-tubulin from A549 and
Ab49.EpoB40, respectively. The white arrow and the grey arrow indicate the focalization
position of fllI-and monoglutamylated mutated Bl-tubulin, respectively. B, the bands
corresponding to mutated Bl-tubulin (left panel) and BI1 tubulin (right panel)were cut out and
the protein was cleaved by CNBr. Peptides were analyzed by MALDI-TOF MS in the
negative mode and only the band expected to contain l1-tubulin produced a small m/z peak
(3467.71) corresponding to the C-terminus of Bll-tubulin. Another m/z peak at 3496.50
corresponded to contaminating monoglutamylated I tubulin (B1glul). Maximal intensity is
114 for left spectrum vs 30 for right spectrum.
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Figure 3. High resolution 2D-electrophoresis tubulin isotypes in Taxol-stabilized microtubules
from HMEC-1, endothelial cells

Tubulin was isolated from HMEC-1 cells as described in the text. Tubulin isotypes were
separated in the first dimension on a 24 cm IPG-strip pH 4.5-5.5 (pH 4.5-5.0 portion
shown). The second dimension was run on a 10% acrylamide gel and proteins were blotted
on a nitrocellulose membrane. The membrane was probed with antibodies against the
indicated isotypes and stripped between each antibody. Alignment of blots was performed
using the actin spots (not displayed). An anti-human BV-tubulin rabbit polyclonal antibody
was produced and specifically labeled a spot on the acidic side of Bl-tubulin as predicted.
Insets show equivalent blots for a-, plI- and plI-tubulins in A549 cells; the most acidic spot
for Bl-tubulin corresponds to its monoglutamylated form.
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A, relative intensities of the m/z peaks of B-tubulin peptide 3242-251 were obtained from
SILAC experiments using d0- or d3-Leu in cell culture medium. The two leucine residues
present in the p242-251 peptide are underlined and a difference of 6 Da is observed between
the d0-B242-251 and d3-B242-251 m/z peaks. B, relative quantitation of total B-tubulin
expression obtained after deisotoping of m/z peaks and averaging of relative intensities of
m/z peaks in spectra from different -tubulin peptides containing Leu. Tubulin was isolated
and analyzed by MALDI-TOF MS from the following experiments as indicated on the top
of mass spectra in A and under each bar of the graph in B: MDA-MD-231.K20T cells were
cultured in the presence of dO-Leu after removal of normal culture medium containing 20
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nM Taxol and one passage in Taxol-free medium. MDA-MD-231 cells were cultured in the
presence of d3-Leu; MDA-MD-231 cells were maintained in the presence of d0-Leu and
treated with 0.5 nM Taxol for 24 h, and untreated MDA-MD-231 cells were maintained in
the presence of d3-Leu; MDA-MD-231 cells were maintained in the presence of d0-Leu and
treated with 1.0 nM Taxol for 24 h, and untreated MDA-MD-231 cells were maintained in
the presence of d3-Leu.
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