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ABSTRACT: Identifying changes at the molecular level during the development of hepatocellular carcinoma
is important for the detection and treatment of the disease. The characteristic structural reorganization of
preneoplastic cells may involve changes in the microtubule cytoskeleton. Microtubules are dynamic protein
polymers that play an essential role in cell division, maintenance of cell shape, vesicle transport, and
motility. They are comprised of multiple isotypes of R- and �-tubulin. Changes in the levels of these
isotypes may affect not only microtubule stability and sensitivity to drugs but also interactions with
endogenous proteins. We employed a rat liver cancer model that progresses through stages similar to
those of human liver cancer, including metastasis to the lung, to identify changes in the tubulin cytoskeleton
during carcinogenesis. Tubulin isotypes in both liver and lung tissue were purified and subsequently
separated by isoelectric focusing electrophoresis. The C-terminal isotype-defining region from each tubulin
was obtained by cyanogen bromide cleavage and identified by mass spectrometry. A novel post-translational
modification of �IVb-tubulin in which two hydrophobic residues are proteolyzed from the C-terminus,
thus exposing a charged glutamic acid residue, was identified. The unique form of �IVb-tubulin was
quantified in the liver tissue of all carcinoma stages and found to be approximately 3-fold more abundant
in nodular and tumor tissue than in control tissue. The level of this form was also found to be increased
in lung tissue with liver metastasis. This modification alters the C-terminal domain of one of the most
abundant �-tubulin isotypes in the liver and therefore may affect the interactions of microtubules with
endogenous proteins.

Microtubules are dynamic protein polymers that play an
essential role in cell division, maintenance of cell shape,
transport of vesicles, and cell motility (1). These hollow
cylinders are constructed of heterodimers of R- and �-tubulin,
which bind in a head-to-tail fashion to form protofilaments
that associate laterally to form microtubules (2). There are
six R-tubulin and seven �-tubulin genes described in mam-
mals, with each gene being highly conserved across species
(3). The majority of the diversity in tubulin gene products,
termed isotypes, occurs in the last 15-20 residues of the
C-terminus, which is known as the isotype-defining region
and is located on the outer surface of microtubules (4).
Further increasing the diversity of the tubulin isotypes is their
ability to undergo a range of post-translational modifications.
Common post-translational modifications of tubulin are

polyglutamylation, tyrosination/detyrosination, polyglycyla-
tion, acetylation, and phosphorylation, most of which occur
in the C-terminal region (5). Although there is no consensus
regarding the specific role or function of individual tubulin
isotypes, tissue-specific changes in the expression of tubulin
isotypes have been observed, and isotype composition has
been demonstrated to affect the dynamics of microtubule
assembly (6–8). It has been suggested that divergent C-
termini may provide a mechanism for isotype-specific
microtubule-associated protein (MAP) binding (9). Recently,
a tubulin code, similar to the histone code, was proposed in
which tubulin isotypes and their modifications could serve
as discrete signals in modulating cellular events, suggesting
a mechanistic role for the observed diversity in microtubules
(10).

The integrity of the cytoskeleton is essential for the proper
functioning of all cells. Therefore, changes in the composition
of microtubules, a major component of the cytoskeleton,
could contribute to tumorigenesis. Previous studies have
examined the R- and �-tubulin isotypes in both tumors and
cancer cell lines. An increase in the level of �III-tubulin is
the most commonly described alteration in tubulin expression
in cancer, with an increase of this neuronal isotype observed
in a variety of tumors (11–15). An increase in the level of
expression of the �II-tubulin in cancer has also been
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described previously (16). While a majority of studies have
focused on �-tubulins, a recent report demonstrated a shift
in post-translational modifications of R-tubulin isotypes in
prostate cancer cell lines (17). In these studies, isotypes were
assigned either at the protein level using isotype-specific
antibodies or at the mRNA level by RT-PCR. Both of these
methods continue to provide important qualitative and
quantitative data about tubulin isotypes. However, neither
method is able to completely describe the tubulin isotypes
at the protein level.

Mass spectrometry (MS)1 complements traditional meth-
ods of characterizing tubulin isotypes (18). It is an ideal tool
for the identification of post-translational modifications of
tubulins, with the ability to characterize multiple modifica-
tions in one experiment (19, 20). Unlike experiments
employing antibodies, mass spectrometry can be used to
detect mutations in isotypes as well as to identify new
isotypes (21, 22). Also, when combined with “stable isotope
labeling with amino acids in culture” (SILAC), mass
spectrometry provides information regarding the relative
expression levels of tubulin isotypes in drug resistant cell
lines as compared to the tubulin isotypes present in drug
sensitive cell lines (23). Therefore, the application of mass
spectrometry to tubulin isotype characterization can provide
unique information about tubulin isotypes at the protein level
that cannot readily be achieved with other methods.

Using a highly reproducible rat liver cancer model, the
resistant hepatocyte model, we profiled the tubulin isotypes
present at early, middle, and late stages of cancer develop-
ment (24). Hepatocellular carcinoma (HCC) is one of the
most common and fatal forms of cancer worldwide (25).
Detection of HCC at early stages is difficult, and treatment
options after identification are limited and often ineffective
(26). To gain a better understanding of the changes occurring
at the molecular level in carcinogenesis, we employed high-
resolution isoelectric focusing along with cyanogen bromide
(CNBr) cleavage and MS to identify the tubulin isotypes
present in the liver. Our methodology allowed for the
identification of a novel C-terminal modification to �IVb-
tubulin. We quantitated the relative amount of the peptide
harboring this novel post-translational modification compared
to all �-tubulin isotypes, and when comparing the levels in
rat liver which underwent chemical carcinogen treatment
relative to control liver, we demonstrated a 3-fold increase
in the level of modification during later stages of cancer.
Such changes in a post-translational modification of a tubulin
isotype during progression of liver cancer suggest that
alterations to microtubules may be a useful indicator for the
detection and treatment of liver cancer.

MATERIALS AND METHODS

Materials. Male Fisher F344 rats, 120-130 g in weight
on arrival, were purchased from Charles River Laboratories

(Wilmington, MA). All animal studies were conducted under
protocols approved by the Animal Care and Use Committee
of the Albert Einstein College of Medicine in accordance
with National Institutes of Health guidelines. For all surgical
procedures, animals were anesthetized using isoflurane gas
and for sacrifice a lethal dose of CO2 was administered
(10-15 psi). Chemical carcinogens were from Sigma-Aldrich
and Innovative Research of America (Sarasota, FL). Pacli-
taxel (Taxol) was obtained from the Drug Development
Branch of the National Cancer Institute (Bethesda, MD),
dissolved in sterile dimethyl sulfoxide, and stored at -20
°C. All other chemicals were obtained from Sigma (St. Louis,
MO), except where otherwise noted.

Generation of a Resistant Hepatocyte Rat Model. The Solt-
Farber chemical carcinogen protocol was used for inducing
sequential stages of hepatic cancer in rats (24, 27). Briefly,
the protocol consisted of administering two different car-
cinogens, diethylnitrosamine (DEN) and 2-acetylaminofluo-
rene (AAF), and a surgical two-thirds partial hepatectomy.
Animals were allowed to acclimatize for 1 week at the animal
facility before the protocol was initiated. A single intrap-
eritoneal injection of DEN at a dose of 200 mg/kg of body
weight was injected into the rats, and 2 weeks later, AAF in
the form of a single pellet designed to release a total of 35
mg of AAF over a 14 day period was surgically inserted
subcutaneously in the back of the neck. One week after
insertion of the pellet, partial hepatectomy was performed
under anesthesia. Following this regenerative stimulus, a
sequential development of nodules and hepatomas occurred.
To obtain early and late stages of liver cancer and metastasis
to lung, animals were sacrificed 9 days, 4 months, 6 months,
and 10 months after partial hepatectomy. These stages
corresponded to those described by Solt-Farber, namely,
preneoplastic nodules, early and late persistent nodules, and
hepatoma, respectively. Each stage could be easily identified
on gross examination of the liver. Control animals that either
underwent a partial hepatectomy (9 day control) or received
a surgical incision to induce surgical stress (sham operated)
were sacrificed at each stage. All animals were fasted
overnight prior to being sacrificed. Liver and lung were
removed from animals within 10 min after they were
sacrificed. For tubulin analyses, pieces of the liver from the
right lateral lobe were snap-frozen in liquid nitrogen and
crushed with a mortar and pestle. For cryostat sections, pieces
of liver from the same lobe and lung were snap-frozen in
methylbutane. For tubulin analysis of lung, hand-sliced
sections of the lung were made from the methylbutane frozen
tissue.

Purification of Tubulin from LiVer Tissue. Paclitaxel-
stabilized microtubule pellets were prepared using a modified
version of a previously described method (21). One and one-
half volumes of MES glutamate buffer [0.1 M 2-(N-
morpholino)ethanesulfonic acid (pH 6.8), 0.5 mM MgCl2, 1
mM EGTA, and 1 M glutamate] was used to resuspend the
powdered tissue. A protease inhibitor cocktail (Roche,
Indianapolis, IN) (one tablet dissolved in 1 mL of MES
glutamate buffer) was added at 1/10 the total volume, and
DTT was added to a final concentration of 1 mM before the
tissue was disrupted via sonication. The cellular debris was
pelleted at 30000g (Beckman TLA 100.3 rotor) at 4 °C for
15 min and then the supernatant centrifuged at 120000g at
4 °C for 1 h. Paclitaxel was added to the cleared supernatant

1 Abbreviations: MS, mass spectrometry; HCC, hepatocellular
carcinoma; CNBr, cyanogen bromide; IPG, immobilized pH gradient;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; DEN, diethylnitrosamine; AAF, 2-acetylaminofluorene; DTT,
dithiothreitol; FA, formic acid; IEF, isoelectric focusing; pI, isoelectric
point; MALDI-TOF/TOF, matrix-assisted laser desorption ionization
tandem time-of-flight; EST, expressed sequence tag; MS/MS, tandem
mass spectrometry; ESI-MS, electrospray ionization mass spectrometry;
SNPs, single-nucleotide polymorphisms.
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to a final concentration of 20 µM along with 1 mM GTP
and incubated at 37 °C for 30 min. This solution was layered
onto a 100 µL cushion containing 20% sucrose in MES
glutamate buffer and 20 µM paclitaxel and centrifuged at
30000g for 30 min at 37 °C. The pellet containing the
microtubules was resuspended in 30 µL of MES glutamate
buffer containing 0.35 M NaCl and 20 µM paclitaxel and
was incubated at 37 °C for 10 min. The microtubules were
pelleted by centrifugation at 30000g for 30 min at 37 °C,
and the supernatant was removed and the pellet flash-frozen
on liquid nitrogen and stored at -80 °C.

Isoelectric Focusing. Paclitaxel-stabilized microtubule
pellets (∼15 µg) were dissolved in 500 µL of solubilization
buffer {7 M urea, 2 M thiourea, 4% 3-[3-(cholamidopropy-
l)dimethylammonio]-1-propanesulfonate, 0.5% Triton X-100,
0.5% ampholyte-containing buffer (pH 4.5-5.5), 20 mM
DTT, and bromophenol blue}. The sample was loaded onto
24 cm IPG strips (pH 4.5-5.5, GE Healthcare Life Sciences,
Piscataway, NJ) and run on an IPGphor II IEF system for a
total of 65000 Vh. The IPG strips were fixed and stained
using the Colloidal Blue Staining Kit (Invitrogen, Carlsbad,
CA). Following staining, strips were scanned and bands
corresponding to tubulin were cut from the gels.

CNBr CleaVage of Tubulin and MS Analysis. Each IEF
gel piece was destained and then vacuum-dried. The dried
bands were rehydrated in 100 µL of CNBr (70% formic acid
and 100 mg/mL CNBr), cleaved overnight at room temper-
ature in the dark, and then the solvent vacuum-dried. The
peptides were washed with 100 µL of 50% acetonitrile
containing 0.3% TFA, vacuum-dried, washed with 50 µL
of the same solution, and dried. Before MS analysis, the
peptides were dissolved in 10 µL of 50% acetonitrile
containing 0.3% TFA, and 0.5 µL was mixed with 0.5 µL
of saturated sinapic acid (in 50% acetonitrile and 0.1% TFA)
and deposited onto a MALDI target. MS analysis was
performed in negative ion mode on an ABI 4700 MALDI-
TOF/TOF mass spectrometer (Applied Biosystems, Foster
City, CA) as described previously (23). MS/MS analysis was
performed in positive ion mode on the same instrument. MS/
MS data were searched against protein (NCBI and MSDB)
and EST databases using the Mascot search engine.

Synthesis of 15N-Labeled Internal Standards. Commercially
available 15N-labeled Gly, Leu, and Ala (Cambridge Isotopes,
Andover, MA) were protected with the base-labile Fmoc
(fluorenylmethoxycarbonyl) group following reported pro-
cedures (28). Two peptides bearing these labeled amino acids
were synthesized on the solid phase employing a standard
Fmoc-based protection strategy. The first peptide was an
internal �-tubulin peptide common to the �I, �II, �IVb, and
�V isotypes (GTLLISKIREEYPDRIMNT, bold residues
include the 15N label). The second peptide had the same
sequence as the novel C-terminal �-tubulin peptide obtained
by CNBr cleavage (NDLVSEYQQYQDATAEEEGEFEEE-
AEEE). Following chain assembly, peptide cleavage from
the resin was undertaken with a cocktail consisting of
trifluoroacetic acid, triisopropylsilane, water, and anisole
(92.5:2.5:2.5:2.5) and the crude peptides purified by C18
semipreparative reversed phase HPLC employing a gradient
of 25 to 50% B (A, H2O and 0.1% TFA; B, 90% acetonitrile
and 0.1% TFA in H2O) over 45 min. Fractions containing
the desired peptides were identified by ESI-MS and lyoph-
ilized prior to use. The internal peptide standard was

synthesized with two additional C-terminal residues follow-
ing the methionine such that CNBr fragmentation would lead
to formation of the homoserine lactone identical to that
observed in assay samples (29).

Quantitation of the NoVel �-Tubulin Post-Translational
Modification. Tubulin pellets were resuspended in 20 µL of
25 mM Tris (pH 6.8) and 1% SDS, and the total protein
concentration was determined by the BCA assay (Pierce,
Rockford, IL). For each sample, 7.5 µg of protein was loaded
onto a 12% SDS-PAGE gel (Bio-Rad, Hercules, CA) and
run at a constant voltage (150 V). The gels were stained
with GelCode Blue Stain Reagent (Pierce, Rockford, IL)
and scanned. The band containing all tubulin isotypes (as
indicated by the 50 kDa molecular mass marker) was cut
from the gel, destained, and vacuum-dried. Before CNBr
cleavage, 3 µL of a stock solution of the 15N-labeled peptide
standards (5 µM internal peptide and 2 µM C-terminal
peptide) was added to each tube, and then 80 µL of CNBr
solution (70% formic acid and 100 mg/mL CNBr) was added
to each tube and the sample cleaved for 22-24 h at room
temperature in the dark. The solution was removed and kept
on ice, and the peptides were extracted from the gel twice
via incubation at 37 °C with 100 µL of 70% acetonitrile
and 0.1% TFA for 30 min. After each extraction, the
supernatant was removed and added to the original super-
natant. Following extraction, the sample was vacuum-dried,
resuspended in 100 µL of 50% acetonitrile and 0.3% TFA,
dried, resuspended in 50 µL of 50% acetonitrile and 0.3%
TFA, and dried. The peptides were resuspended in 10 µL of
H2O with 0.1% TFA, purified on a C18 ZipTip (Millipore,
Billerica, MA), and eluted into 4 µL of 70% acetonitrile and
0.1% TFA. The sample (0.5 µL) was mixed with 0.5 µL of
saturated sinapic acid and spotted onto a MALDI target.

The CNBr-generated peptide mixture containing the
internal standards was analyzed in both positive (internal
peptide) and negative ion mode (C-terminal peptide) via
MALDI-TOF/TOF MS. After the data had been collected,
each spectrum was processed in Data Explorer using the
Advanced Baseline Correction and Noise Filtering functions.
The region of each spectrum containing the peptide of interest
was saved as an ASCII file and then plotted in Excel. The
intensity for the highest isotope for each internal standard
was set to 100. The isotope intensity values were then
corrected to account for the overlap of the naturally occurring
isotopic cluster with the standard isotopic cluster. The
theoretical distribution of each peptide was calculated using
the Exact Mass Calculator (FTMS Systems, Varian Inc., Lake
Forest, CA), and the peak heights of the isotopes of the
naturally occurring peptides were determined relative to
the most abundant isotope. The isotopic abundance of the
naturally occurring peptide was then subtracted from the full
isotope pattern of the standard to obtain the corrected peak
heights. Then, the total intensity for the unlabeled peptide
(naturally occurring peptide) and the labeled peptide (internal
standard) was determined by adding the intensity for the top
three (internal peptide) or five (C-terminal peptide) isotopes
of each isotopic cluster. The ratio of unlabeled to labeled
was then calculated by dividing the total intensity of the
unlabeled peptide by the total intensity of the labeled peptide.
This was done for both the internal peptide and the
C-terminal peptide. The ratio of �*-tubulin to total �-tubulin
was obtained by dividing the value for the C-terminal peptide
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by the value of the internal peptide. Three different animals
were examined at each stage and the final ratios averaged.
This ratio was then compared to a set of control samples
(prepared in the same way; ratios determined as described
above) to establish the amount of the novel form of �-tubulin
in the nodule or tumor tissue as compared to control animals.
Three control animals were used for each stage.

RESULTS

Isotype Assignment by High-Resolution Isoelectric Focus-
ing and CNBr CleaVage. Previous studies have demonstrated
the ability of narrow-range isoelectric focusing to resolve
tubulin isotypes differing in pI by as little as 0.01 (21, 23).
The �-tubulin isotypes of rat have predicted pIs within the
range of 4.78-5.00, with the majority falling between 4.78
and 4.82, and the R-tubulin isotypes have predicted pIs in
the range of 4.94-4.98 (Table 1). Post-translational modi-
fications, such as glutamylation (+E, +129 Da) and tyro-
sination/detyrosination ((Y, (163 Da), further expand the
diversity of the C-terminal peptides and shift the isoelectric
points of the isotypes (5). On the basis of predicted isoelectric
points, the �-tubulin isotypes should cluster in the more
acidic region of the gel, with the R-tubulin isotypes present
at the more basic region of the gel. A method employing
high-resolution isoelectric focusing was used to determine
the tubulin isotypes present in liver tissue (Figure 1). Figure
2A shows an example of the tubulin pellet purified from a
control rat liver and separated on a 24 cm pH 4.5-5.5
isoelectric focusing gel. After the samples had been stained
with Coomassie blue, 15 bands were cut from the gel and
cleaved with CNBr. CNBr releases the unique C-terminal
peptides from both R- and �-tubulin (Table 1), and these
peptides ionize efficiently in negative ion mode mass
spectrometry due to their acidic nature, thus facilitating the
identification of C-terminal specific peptides (22). Figure 2B
displays the negative ion mode MALDI-TOF spectrum for
band 12 after CNBr cleavage. The C-terminal peptides are
labeled with the corresponding isotype assignment. In the
gel in Figure 2A, three �-tubulin and four R-tubulin isotypes
were identified, as well as post-translationally modified forms
of predicted C-terminal peptides. In a few cases, the bands

cut from the gel either did not contain tubulin or did not
contain enough tubulin for identification. Some isotypes are
observed in more than one band, which is most likely due
to incomplete resolution of the IEF gel or post-translational
modifications occurring outside the C-terminal tail, such as
acetylation, or to sequence mutations (5, 21).

Identification of NoVel Post-Translational Modification of
a �-Tubulin C-Terminal Peptide. Isoelectric focusing experi-
ments were able to resolve many different forms of tubulin.
In all of the isoelectric focusing gels, a distinct band (Figure
3A, V�*) was observed at a pI slightly higher than that of
�IVb, but this band could not be assigned to a known isotype
or modified C-terminal peptide. After CNBr cleavage of this
band, a peak corresponding to �IVb was observed in the
negative ion mode mass spectrum as well as other peaks
corresponding to �-tubulin internal peptides, but these did

Table 1: Isoelectric Points and C-Terminal Sequences for Tubulin Isotypes from Rattus norVegicus

tubulin
isotype gene accession number pIa mass (Da)

mass (Da) of the
C-terminal peptide CNBr C-terminal peptide

R1Ab Tuba1a AAA42306 4.94 50135.6 2860.193c AALEKDYEEVGVDSVEGEGEEEGEEY
R1B Tuba1b AAH60572 4.94 50151.6 2860.193c AALEKDYEEVGVDSVEGEGEEEGEEY
R1C Tuba1c AAH78829 4.96 49937.3 2590.035 AALEKDYEEVGADSAEGDDEGEEY
R3A Tuba3a EDM01850 4.98 49959.5 4150.766 EEGEFSEAREDLAALEKDYEEVGVDSVEAEAEEGEEY
R4A Tuba4a AAH83726 4.95 49924.4 2633.066 AALEKDYEEVGIDSYEDEDEGEE
R8 Tuba8 AAH79185 4.98 50037.5 4156.719 EEGEFSEAREDLAALEKDYEEVGTDSFEEENEGEEF
�I Tubb5 CAE84031 4.78 49670.8 3366.333 NDLVSEYQQYQDATAEEEEDFGEEAEEEA
�IId Tubb2b AAI05755 4.78 49907.0 3466.360 NDLVSEYQQYQDATADEQGEFEEEEGEDEA

CAA27067 4.79 49963.1 3480.376 NELVSEYQQYQDATADEQGEFEEEEGEDEA
�III Tubb3 AAH97281 4.82 50418.6 1610.622 YEDDDEESEAQGPK
�IVa Tubb4 EDL83577 4.78 49585.8 3350.375 NDLVSEYQQYQDATAEEGEFEEEAEEEVA
�IVb Tubb2c AAH60597 4.79 49801.0 3479.417 NDLVSEYQQYQDATAEEEGEFEEEAEEEVA
�V Tubb6 AAH97977 4.80 50059.3 3765.508 NDLVSEYQQYQDATVNDGEEAFEDEDEEEINE
�VI LOC679312 XP_001055765 5.00 50416.1 769.335 GAEDKNH

a The isoelectric point, protein molecular mass, and CNBr peptide mass were all calculated using the ExPaSy PeptideMass tool. The protein
molecular mass is reported as an average mass, and the masses of the C-terminal peptides are monoisotopic. The sequence for each tubulin isotype was
found in the NCBI database using the given accession numbers. b R-Tubulin nomenclature follows the recently revised nomenclature for the R-tubulin
gene family (50). c The R1A and R1B tubulin isotypes have the same CNBr C-terminal peptide and therefore cannot be distinguished from one another
on the basis of the C-terminal peptide mass. d Two entries with distinct C-terminal sequences were found in the database for �II.

FIGURE 1: Strategies employed to identify tubulin isotypes and to
quantitate the amount of the �* form of tubulin relative to total
�-tubulin.
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not include the most intense peak in the spectrum. Instead,
a peak at m/z 3308.31 was the most intense peak (Figure
3B). Since �IVb was identified in the adjacent band, the �IVb
peak was most likely due to overlap of the bands. Therefore,
another form of �-tubulin was responsible for the most
intense peak. To determine the sequence of this unidentified
peptide, it was selected for MS/MS (done in positive ion
mode). MS/MS yielded 26 product ions (Figure 3C). These
ions, in conjunction with the intact mass of the peptide
(3310.31, [M + H]+), were searched in the Mascot database
(30). Initial searches of the NCBInr (version 20080206) and
MSDB (version 20060831) databases did not yield any
matches. Next the mouse and other EST databases (version
20080108) were searched, and a sequence was found that
matched the MS/MS data, with the correct assignment of
17 b-type and nine y-type ions (Figure 3D) (31). This
sequence was identical to �IVb, except that it was missing
the final two amino acids on the C-terminus, valine and
alanine. This novel �-tubulin C-terminal peptide is denoted
as �* in the remainder of this paper.

Isoelectric Focusing To Identify Tubulin Isotypes in LiVer.
Four stages of hepatocellular carcinoma were examined by
isoelectric focusing. The first stage, 9 days after partial
hepatectomy, results in small, preneoplastic nodules, which
are estimated to occupy 70% of the area in the liver tissue
sections examined, similar to what was previously noted in

our laboratory (27). In this stage, the noduled tissue was
compared to that of a control animal which had undergone
a partial hepatectomy (regenerating liver). Analysis by high-
resolution IEF and CNBr cleavage revealed that the same
tubulin isotypes were present in the 9 day preneoplastic
nodule liver and the regenerating liver control animal. Four
R-tubulin and four �-tubulin isotypes were observed, and
some of these forms harbored post-translational modifications
such as glutamylation and tyrosination (Table 2 and Figure
4A). In the liver, 4 months after the partial hepatectomy,
early persistent nodules account for approximately 35% of
the area of the tissue sections that were examined. At this
stage, four R-tubulin and three �-tubulin isotypes were
observed in the early persistent nodule liver as compared to
three R-tubulin and three �-tubulin isotypes in the sham
operated animal of the same age (Table 2). Post-translation-
ally modified forms of both R- and �-tubulin were seen in
this stage. Six months after the partial hepatectomy, it is
estimated that 50% of the cells in a liver section arise from
late persistent nodules. At this stage, the animals with late
persistent nodules were compared to sham animals of the
same age, and four R-tubulin and three �-tubulin isotypes
were identified in the late persistent nodule livers, some with
post-translational modifications (Table 2), whereas three
R-tubulin and three �-tubulin isotypes were identified in the
controls. In the final stage, 10 months after partial hepate-

FIGURE 2: Isotype identification by IEF and CNBr cleavage. (A) Region of a 24 cm pH 4.5-5.5 IPG strip showing all the bands that
represent different tubulin isotypes in the total tubulin pellet of a sham operated 9 day control liver. Numbered arrows indicate the 15 bands
that were cut from the gel. The CNBr-cleaved C-terminal peptides for R1A and R1B isotypes have the same mass; therefore, these two
isotypes cannot be distinguished from one another. When a mass is observed that could be either R1A or R1B, it is denoted as R1A/R1B.
(B) Mass spectrum obtained after CNBr cleavage of band 12 in panel A. Two R-tubulin isotypes were observed in this band, indicating that
there is some overlap of isotypes when using this method. The R4A isotype was tyrosinated (+Y), indicating the post-translational addition
of a Tyr residue (+163 Da). The R4A + Y + 28 peak is an artifact, with 28 Da due to formylation from the CNBr cleavage performed in
70% FA.
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ctomy, tumor cells comprise 70% of the area in the liver
sections. At this stage, three R-tubulin and three �-tubulin
isotypes were observed in the tumor samples and four
R-tubulin and three �-tubulin isotypes were seen in the
control animals (Table 2 and Figure 4B). Post-translationally
modified forms of �I, �IVb, R1A/R1B, R4A, and R8 were
noted.

The unique �-tubulin C-terminal peptide, �*, was present
in all stages in both control and nodule or tumor tissue, but
the band for the �* form of tubulin was more intense in
tissue containing nodules or tumors than in sham livers
(Figure 4A,B). This indicated that the level of this post-

translationally modified form of �IVb-tubulin was increased
in the livers after the animals underwent the cancer-inducing
regimen.

RelatiVe Quantitation of the Distinct �-Tubulin C-Terminal
Peptide in LiVer Cancer. To determine the level of the �*
form of tubulin in the nodule or tumor tissue as compared
to the control sample, we developed a method employing
two 15N-labeled standards (Figure 1). The first peptide had
the same sequence as the �* C-terminal CNBr peptide and
was synthesized with five 15N-labeled residues, shifting it 5
Da from the naturally occurring �* C-terminal peptide, and
the second peptide was an internal peptide common to �I,

FIGURE 3: Identification of a novel �-tubulin C-terminal peptide. (A) IEF gel of tubulins from tissue with late persistent nodules (6 months
after partial hepatectomy). (B) Negative ion mode MS spectrum for CNBr cleavage of the band marked with the arrow in panel A. The
higher-intensity peaks were assigned to �-tubulin as shown, except for the highest-intensity peak at 3308.31 Da. This peak was selected for
MS/MS. The peaks were assigned on the basis of accurate mass measurements. A plus sign identifies peaks that were not assigned to
tubulin peptides, and a number sign identifies formylation (28 Da). (C) MS/MS spectrum for the peak at 3308.31 Da. (D) The MS/MS
results were searched in the Mascot database, using an expressed sequence tag (EST) database, and the sequence shown was returned as
the best match, with 17 b-type and nine y-type ions identified as indicated.

Table 2: Tubulin Isotypes Identified by High-Resolution Isoelectric Focusing Experiments at Each Stage of Liver Carcinogenesis in the Rat

�I +
EEc

�IVb +
EE

�I +
E

�IVb +
E �I �II �IVb �V �*

(R1A/R1B) +
EE

(R1A/R1B) +
E R4A + Y R1A/R1B R8 + E R1C

(R1A/R1B)
- Y

9D RLa +b + - + + + + + + - + + + + + -
9D nodules - - + + + + + + + - + + + + + -
4M sham - + - + + + + - + - – + + - + +

4M nodules - + - + + + + - + - + + + + + +
6M sham + + - + + + + - + - + + + - + -

6M nodules - + + + + + + - + - – + + + + -
10M sham - + - + + + + - + - + + + + + -
10M tumor - + + + + + + - + + + + + - + -
lung sham - - - + + + + - + + + + + + + +
lung tumor - - + + + + + - + - + + + + + +

a Nine days (9D), 4 months (4M), 6 months (6M), and 10 months (10M) following partial hepatectomy. Nodules refers to animals that underwent the
cancer-inducing regimen, and the control animals are regenerating liver (RL 9D) or sham operated (4M, 6M, and 10M). b A plus sign indicates that the
isotype was observed in that sample, and a minus sign indicates that the isotype was not observed. c Post-translational modifications: +E (glutamylation,
+129 Da) and (Y (tyrosination/detyrosination, (163 Da).
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�II, �IVb, and �V (residues 148-164) containing three 15N-
labeled amino acids. The pellet containing all tubulin isotypes
was run on an SDS-PAGE gel, and the band containing
total tubulin was cut from the gel after staining. Before
cleavage with CNBr, 15N-labeled standards (15 pmol of
internal peptide and 6 pmol of C-terminal peptide) were
added to the gel bands. Following CNBr fragmentation, these
samples were run in negative and positive ion mode on
MALDI-TOF/TOF MS. The ratio of sample to standard was
determined for both the C-terminal peptide and the internal
peptide, with the ratios calculated on the basis of the intensity
of the top three (internal, positive ion mode) and five isotopes
(C-terminal, negative ion mode) (Figure 5). The internal
peptide was then used to standardize the amount of �-tubulin
among samples, since this internal peptide was found in all
the �-tubulin isotypes that were observed. After correcting
for the total amount of �-tubulin using the internal standard,
we compared the C-terminal peptide ratio between nodule
or tumor samples and control samples (Figure 6).

The �* form of tubulin was present approximately 3-fold
more in the preneoplastic liver (9 days after partial hepate-
ctomy) than in the control liver (Figure 6). For livers
containing the early persistent nodules, �* was 1.7 times
more abundant than in the control sample. In livers with late
persistent nodules, the level of modification was again seen
to be 3 times that of the control sample, which was also
observed in livers with tumors.

Tubulin Isotypes in Lung with LiVer Tumor Metastases.
In the late stage of liver cancer in humans, liver metastases
can be observed in the lung. The resistant hepatocyte rat
model of liver cancer produces lung metastases 10 months
following partial hepatectomy. The lungs from rats at this
stage were examined to determine which tubulin isotypes
were present, and these samples were compared to lungs from
control animals of the same age. Two animals with tumors
and two control animals were examined. The tumor growth
in the lung was clearly metastasized from the liver. In the
lung with tumors and in the lung of the control animal, we

observed four R-tubulin and three �-tubulin isotypes, with
modified forms of both R- and �-tubulin present (Table 2).
Low levels of the �* form of tubulin were seen in the lungs
of sham operated animals, while the amount of the �* form
of tubulin was increased in the lungs of animals with liver
metastases (data not shown).

DISCUSSION

Tubulin isotypes are highly conserved across species and
exhibit tissue-specific expression, although the importance
of this expression is not clear (7). However, it has been
demonstrated that the tubulin isotypes display different
assembly dynamics in vitro and that a shift in isotype
expression may provide a way for cells to regulate the
functions of their microtubules (8). Of the R-tubulin isotypes,
R1A and R1B are the major isotypes found in the brain but
are present at lower levels in many tissues. R1C is a minor
isotype that is found in many tissue types, whereas R3A and
R3B are testes-specific. The �-tubulin isotypes also have a
diverse distribution with �II and �IVa as the major neuronal
isotypes, with �II also being expressed in various tissues,
whereas �IVa is brain-specific. �III is a minor neuronal
isotype but is neuron-specific. �I, �IVb, and �V are found
in many tissues, with �IVb being the major isotype in the
testes. �VI is specific for hematopoietic cells (3, 6). It has
been shown that the amount of specific tubulin isotypes can
change in cancer cells, but the studies done to date have
focused mainly on �-tubulin isotypes with a recent investiga-
tion examining the post-translational modifications of
R-tubulin (12–17). In this paper, we examined all tubulin
isotypes present in early, middle, and late stages of liver
cancer and compared them with isotypes from the liver from
control animals. We obtained information about both R- and
�-tubulin isotypes as well as post-translational modifications,
and our experiments indicate that alterations in tubulin
isotypes occur during carcinogenesis.

To examine the tubulin isotypes present in liver cancer,
we employed a rat model which progresses through well-

FIGURE 4: High-resolution isoelectric focusing of tubulin from early and late stages of carcinogenesis. (A) Tubulin isotypes identified in
control 9 day regenerating liver and 9 day preneoplastic nodule liver. (B) Tubulin isotypes found in 10 month sham control and tumor liver
tissue.
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defined synchronous stages of liver cancer, similar to the
progression of liver cancer in humans. The structural
reorganization that occurs in persistent nodule cells and
hepatoma cells in the liver of the rat model during carcino-
genesis most likely reflects changes in the cytoskeleton.
Whereas normal hepatocytes have a characteristic apical-
basal polarity and are arranged linearly in hepatic cords,
nodule cells lose this polarity and are organized into acinar
or glandular-like structures (27, 32). Previous studies em-
ploying this model have demonstrated changes in levels of
expression of cytoskeletal proteins, such as vimentin and
actin (27). In this study, we focused on tubulins, the proteins
that form the microtubule cytoskeleton. The R-tubulin
isotypes that were observed in all samples were R1A/R1B,
R4A + Y, and R1C, and the �-tubulin isotypes observed in
all samples were �I, �II, and �IVb. �V was observed only
in early stages, and although it has been suggested that �V
and �III exhibit a complementary pattern of expression, �III
was not seen in these experiments (23).

In the high-resolution isoelectric focusing experiments, a
band was observed in the region of the �-tubulins that
produced a C-terminal peptide upon CNBr cleavage that did
not correlate with any of the predicted tubulin isotypes or
known modified forms of tubulin. The peptide was subjected
to MS/MS, and the data were searched against EST

databases, after no results were obtained in protein databases.
An EST was identified, which had the same sequence as
�IVb minus the last two residues. When the EST was
searched against the genomic sequence for rat, it exhibited
100% identity with the gene for �IVb, indicating that the
retrieved EST was a fragment of the �IVb gene. The �IVb
gene is not known to have any splice variants or SNPs in
the C-terminal region that would lead to a shortened
sequence. Therefore, the observed peptide is a novel post-
translationally truncated form of �IVb-tubulin.

Comparing the intensity of the band for the truncated form
of �IVb-tubulin between control and cancerous tissue, we
observed that the band stained darker in the samples from
livers with nodules or tumors (Figure 4B). Using mass
spectrometry to identify and quantitate the relative levels of
highly acidic peptides is challenging, especially when using
animal or human tissue samples that cannot be directly
labeled with heavy isotopes (33). To achieve relative
quantitation of the novel form of �-tubulin in nodule or tumor
tissue relative to control animals, we developed a method
that employed two 15N-labeled internal standards. This
allowed for relative quantitation of the C-terminal acidic
peptide from tubulin and prevented losses that are commonly
associated with acidic peptides during reverse phase chro-
matography (34). This method could be applied to other

FIGURE 5: Ratio of the �* form of tubulin to total �-tubulin. In panels A and C, the ratio of the C-terminal �* peptide (sample) to the
internal C-terminal peptide standard (standard) was determined by adding the peak heights for the top five isotopes for the sample and then
dividing by the sum of the peak heights (after correcting for isotope overlap; see Materials and Methods) for the top five isotopes for the
standard peptide (indicated with an asterisk). The ratios for each sample to the standard peptide are indicated in the box (sample/standard):
(A) 6 month late persistent nodules and (C) 6 month sham. In panels B and D, the ratio of the internal peptide (sample) to the internal
peptide standard (standard) was determined by adding the peak heights for the top three isotopes for the sample and then dividing by sum
of the top three isotopes for the internal standard peptide (indicated with an asterisk). The ratios for each sample to the standard peptide are
indicated in the box (sample/standard): (B) 6 month late persistent nodules and (D) 6 month sham. To obtain the final ratio of �* to total
�-tubulin, the ratio obtained for the C-terminal peptide was divided by the ratio for the internal peptide. These numbers are summarized in
Figure 6.
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acidic peptides with the synthesis of specific labeled stan-
dards. With this method, we determined that in the early
stages, the ratio was approximately 3-fold greater in the
preneoplastic tissue relative to regenerating liver. In the early
persistent nodules, a ratio of 1.7 was observed. This lower
ratio could be a result of the decreased amount of altered
cells at this stage (∼35% of the area of the liver section
analyzed was occupied by early persistent nodules, whereas
the area covered by the altered cells was greater in the
preneoplastic nodule stage and the later stages). However,
it is clear that in the later stages, particularly when tumors
are found throughout the tissue, there is an approximately
3-fold increase in the amount of the �* form of tubulin
present versus that in the control animals (Figure 6).

The C-terminal domain of tubulin accounts for the majority
of diversity in microtubules. With this domain located on
the outside surface of the microtubules, it has the potential
to interact with many proteins that travel along or bind to
microtubules. Post-translational modification of the C-
terminal tail of tubulin has been demonstrated to modulate
the binding of proteins to the microtubules (35). Studies have
confirmed that the extent of glutamylation can affect the
binding of microtubule-associated proteins (36, 37). In our
experiments, glutamylation was the most commonly observed
post-translational modification, occurring on both R- and
�-tubulins. The R8-tubulin isotype was observed in many
samples but was only observed as the monoglutamylated
form and never as the unmodified form. Also, the mono-
glutamylated form of the �I-tubulin isotype was observed

at low levels in liver with nodules or tumors (except in liver
with early persistent nodules), but not in the corresponding
control animals. The R4A and R8 isotypes are the only
R-tubulins without genetically encoded C-terminal tyrosines,
but the R4A-tubulin isotype observed in the rat liver was
tyrosinated, which occurs enzymatically by a tubulin-tyrosine
ligase (TTL) (38).
R-Tubulin can undergo a reversible tyrosination/detyro-

sination event, wherein a TTL adds tyrosine to the C-terminal
glutamic acid of R-tubulin and a tubulin carboxypeptidase
removes the tyrosine (38–40). Furthermore, the penultimate
glutamic acid can be removed, resulting in ∆2-tubulin, which
is eliminated from the tyrosination cycle (41). Although the
protease responsible for the removal of the penultimate
glutamic acid has not yet been identified, it is known to be
a specific process and not due to random proteolysis (5, 42).
Tyrosinated tubulin is commonly found in cycling cells,
whereas detyrosinated tubulin and ∆2-tubulin are found in
stable microtubules (42, 43). Recently, it was demonstrated
that detyrosinated tubulin and ∆2-tubulin occur more fre-
quently in tumors than in normal tissue which is thought to
be due to suppression of TTL (44, 45). Previously, no
modification in which residues are removed from the
C-terminus of �-tubulin had been described. In this paper,
we provide the first evidence of a novel form of �IVb-tubulin
in which the last two residues of the C-terminal tail have
been removed. This modification exposes a charged C-
terminal glutamic acid residue instead of the genetically
encoded hydrophobic residues, valine and alanine. In the later

FIGURE 6: Summary of quantitation results. The ratio of the �* form of tubulin in nodule or tumor livers as compared to control livers at
each stage. Six different animals were used for each stage (three nodule or tumor and three control), and the values were averaged in each
case: (A) 9 days, (B) 4 months, (C) 6 months, and (D) 10 months after partial hepatectomy.
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stages of liver cancer, the majority of the �IVb isotype is
converted to this truncated form (Figure 4B). Since the �IVb
isotype is one of the major �-tubulin isotypes present in the
liver, this modification of its C-terminal region could change
the proteins that interact with microtubules. It is likely that
enhanced levels of the novel form of �IVb-tubulin in liver
cancer is due to increased protease activity in the premalig-
nant and malignant stages, although database searches do
not reveal any known proteases for this specific cleavage
site (http://merops.sanger.ac.uk/) (46). Recently, a novel class
of cytosolic carboxypeptidases has been identified which may
include the protease undertaking the removal of the C-
terminal tyrosine in R-tubulin (47, 48). Furthermore, these
proteases can cleave a variety of C-terminal amino acids from
synthetic peptides, indicating that they may have a broader
function than the removal of C-terminal tyrosines and could
potentially be responsible for the removal of hydrophobic
residues from the C-terminus of �IVb-tubulin. Proteases have
been shown to play an important role in tumor metastasis
and in tumor development and can be used as biomarkers
and as targets for anticancer agents (49). The upregulation/
activation of the enzyme responsible for this unique post-
translational modification of �IVb-tubulin could potentially
serve as a biomarker for early stages of HCC development.

The role of tubulin isotypes in cancer is not well
understood, but studies continue to identify the changes that
take place in tubulin isotype expression and modification in
cancer. It is known that isotype expression can affect the
assembly of microtubules as well as modulate their sensitivity
to drugs. Furthermore, alterations in tubulin can affect the
endogenous proteins that interact with microtubules. There-
fore, it is important to understand the changes that occur
within the cytoskeleton during carcinogenesis. In this paper,
we provide a comprehensive profile of the tubulin isotypes
present in normal liver and liver cancer in the rat. A novel
post-translational modification of the �IVb-tubulin isotype
is also described. This unique �IVb-tubulin form is present
at higher levels in the livers of animals that have undergone
the experimental regimen. Our observations also emphasize
the need to identify specific tubulin-modifying enzymes, such
as proteases, as potential markers of tumors or as therapeutic
targets. Future studies in our laboratory are aimed at profiling
tubulin isotypes present in human cancers of diverse origins
and identifying post-translational modifications of the �-tu-
bulins.
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