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Abstract
Tubulin-α1A/1B C-terminal tail (CTT) has 7 glutamic acid residues among the last 11 amino acids
of its sequence that are potential sites for glutamylation. Cleavage of C-terminal tyrosine resulting
in the detyrosinated form of tubulin-α1A/1B is another major modification. These modifications
among others bring about highly heterogeneous tubulin samples in brain cells and microtubules,
play a major role in directing intracellular trafficking, microtubule dynamics, and mitotic events,
and can vary depending on the cell and disease state, such as cancer and neurodegenerative
disorders. Identified previously using primary mass spectrometry (MS) ions and partial Edman
sequencing, tubulin-α1A/1B glutamylation was found exclusively on the E445 residue. We here
describe the analysis of tubulin-α1A/1B glutamylation and detyrosination after 2DE separation,
trypsin and proteinase K in-gel digestion, and nanoUPLC-ESI-QqTOF-MS/MS of mouse brain
and bovine microtubules. Tyrosinated, detyrosinated, and Δ2- tubulin-α1A/1B CTTs were identified
based on a comparison of fragmentation patterns and retention times between endogenous and
synthetic peptides. Stringent acceptance criteria were adapted for the identification of novel
glutamylation sites. In addition to the previously identified site at E445, glutamylation on mouse
and bovine tubulin-α1A/1B CTTs was identified on E441 and E443 with MASCOT Expect values
below 0.01. O-methylation of glutamates was also observed.
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INTRODUCTION
Cytoskeletal proteins play a major role in the mitotic progression, spindle assembly, proper
positioning of the nucleus, cell motility, actin filament growth, organelle biogenesis,
mitochondrial tubulation, and suppression of telomere aberrations1-12. α and β-tubulins are
the building blocks of the cytoskeletal microtubules. Tubulin-α1A/1B incorporated in the
microtubules has a CTT (…EGEGEEEGEEY451) with seven glutamic acid residues that are
potential sites for glutamylation, glycylation, and detyrosination13. Tubulin-α1A/1B C-
terminal tail (CTT) is the interaction site for many microtubule-binding proteins and newly-
identified cytoskeletal interactors and regulators revealed a more pronounced role for the
cytoskeleton in regulating cell functions14-24. The need to screen tubulin for its CTT
modifications is very important because it is thought that tubulin modifications affect
interactions with cytoskeletal-associated proteins and that different modifications generate a
“tubulin code” similar to the biochemical model of the “histone code” on chromatin,
regulating microtubule effectors and as a consequence dictating microtubule function,
including the mitotic modus operandi in the cell important in diseases like cancer and
neurodegenerative disorders25, 26. Furthermore, tubulin CTT is positioned at the outer lattice
of microtubules/centrioles25 suggesting that modification of this CTT plays a major role in
the regulation of the dynamics of mitotic centrioles in addition to making them available for
drug targeting (Figure 1).

Tubulin-α1A/1B detyrosination refers to the reversible removal of the CTT residue by the
recently identified putative tubulin carboxypeptidase AGBL227. Tyrosine reincorporation is
carried out by the tubulin tyrosine ligase (TTL) enzyme28. A third tubulin-α1A/1B isotype
lacking tyrosine and glutamate C-terminal residues, referred to as Δ2-tubulin, was found to
be present in cancer cells and absent in all normal tissues except the brain29.
Polyglutamylation occurs by covalent bonding to the γ-carboxylate group of glutamates
present at the tubulin-α1A/1B CTTs by tubulin tyrosine ligase like (TTLL)
poly(glutamylases)30.

Although several specific antibodies have been generated to a number of modified tubulin
peptides, as is the case with antibodies to specific histone modifications, for the most part
these antibodies will not detect peptides that have modifications in addition to the sequence
which the antibody was raised against. As multiply-modified tubulin-α1A/1B CTT peptides
are the rule rather than the exception31, LC/MS-MS offer the best chance of simultaneously
detecting multiple peptide modifications. However this sort of analysis is hindered by the
dynamic and heterogeneous nature of the CTT of tubulin-α1A/1B as well as the large
molecular mass of that CTT produced after digestion using different enzymes32, 33.
Identified in 1990 using primary mass spectrometry (MS) ions following digestion with
thermolysin, and methylation of glutamate’s side chain carboxylic acid, tubulin-α1A/1B
glutamylation was found exclusively on E445 via partial Edman sequencing of the CTT
sequence starting with V440 to E448 34, 35. Tubulin-α1A/1B CTT glutamylations have
subsequently been identified based on their primary ion masses that cannot afford to localize
the glutamylation site31-33, 35-37. Recently, MS/MS spectra were generated for glutamylated
tubulin-α1 CTT of pathogen toxoplasma gondii (…GEEEGYGEDY453) that differs from
tubulin-α1A/1B CTT of mouse (mus musculus) and cows (bos taurus) also conserved in
humans (homo sapiens)(…EGEGEEEGEEY451)38. That accounted for the only MS/MS
spectra of endogenous glutamylated tubulin-α1 that was found in the literature.

We here describe the use of sequential trypsin and proteinase K digestion coupled with
nanoUPLC-ESI-QqTOF-MS/MS to re-explore tubulin-α1A/1B CTT detyrosination and
glutamylation in mouse brain. Tubulin-α1A/1B CTT peptides with molecular masses in the
range of 964-1256 Da were generated following trypsin and proteinase K digestion. CID
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MS/MS spectra for endogenous mammalian glutamylated tubulin-α1A/1B CTTs were
generated and compared to those of synthetic peptides and identification of previously
undetected tubulin-α1A/1B glutamylation sites was granted. Our findings were validated
using a purified bovine brain microtubule sample. Our data is complemental to the earliest
findings in the area of tubulin glutamylation by Edde et al34.

EXPERIMENTAL PROCEDURES
The mouse used in this study, C57BL/6J was obtained from Jackson Laboratory and kept
under standard laboratory conditions. The Animal Care Committee (ACC) approved all
experimental procedures that relates to this project. The mouse was killed under anesthesia
at the age of 8 months and underwent encephalectomy. Bovine brain microtubules (99%
pure) were purchased from Cytoskeletton, Inc. (Denver, CO). C-terminal tails (CTT) of the
following tubulin-α1A/1B isotypes were custom-synthesized at Genscript (Piscataway, NJ)
with > 95% purity: tyrosinated (EGEGEEEGEEY), Detyrosinated (EGEGEEEGEE), and Δ2
(EGEGEEEGE).

Mouse Brain Protein Extraction and Quantitation
Mouse brain was washed 3 times with ice-cold PBS followed by mashing in 1 mL of ice-
cold tissue lysis buffer composed of 10 mM Tris, 130 mM NaCl, 1% octylglucopyranoside
(OG), 1% CHAPS, 10 mM sodium phosphate, and 10 mM sodium fluoride (pH 7.5). This
was succeded by vortexing and centrifugation as described previously39. This resulted in the
formation of 3 layers: the top layer was composed primarily of non-soluble lipids, the
middle layer contained the soluble proteins, and the bottom layer was composed of cell
debris. The middle layer was recovered and used for subsequent analyses. Proteins were
quantified using the BCA assay as described previously40.

Western Blotting
Western Blotting was performed using a mouse monoclonal anti-tubulin-α (Clone B-5-1-2;
Sigma, St Louis, MO) as described previously41.

Two-Dimensional Gel Electrophoresis (2-DE) and Staining
2-DE gel was utilized to separate 50 μg of total brain lysates or purified microtubules using
a pH 4 to 7 or 3 to 10 IPG strips for the first dimension and a 4-12% PAGE gel in the second
dimension as described previously42. Coomassie blue staining was performed by fixing the
gel first in 50% methanol (v/v) and 12% acetic acid (v/v) for 2 hours, followed by
incubation in Coomassie Blue solution. Background destaining was accomplished by
incubating the gel in the fixing solution.

Gel Excision, trypsin Digestion, and ESI-TOF/TOF Analysis
Gel excision and trypsin digestion were performed as described previously43. Following
overnight incubation with trypsin, samples were sonicated for 30 minutes, tryptic digests
were desalted as described previously44 and analyzed by nanoUPLC-ESI-QqTOF-MS/MS
as described below.

Identification of 2DE Spots
GPS Explorer v3.6 (Applied Biosystems, Foster city, CA) default parameters and thresholds
were used to create the peak list from the raw data of trypsin digests. ProteinPilot 3.0
(Applied Biosystems, Foster city, CA) was used to submit the data to Paragon v3.0
algorithm with the following settings: Database: mus musculus for the mouse brain sample
(NCBInr + SwissProt with ~165,000 protein entries) and bos taurus for the bovine sample
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(SwissProt with ~39,000 protein entries). Common contaminants like trypsin and keratins
listed in Table S1 were excluded from the search; Sample Type: Identification; Cys
Alkylation: Iodoacetamide; Digestion: Trypsin; Species: mus musculus; Settings for missed
cleavages, mass tolerance for precursor and fragment ions are removed in Paragon v3.0 that
uses instrument-dependent defaults for these settings. Paragon v3.0 protein identifications
and MS/MS spectra were accepted when the algorithm -generated unused protein and
individual ion scores were above 1.3 corresponding to a confidence interval above 95%
indicating that the probability of a random match is lower than 5%. False positive rates were
not generated as this analysis was performed on individual 2DE spots and because the
protein of interest is highly abundant in the sample. MS and MS/MS data were also
submitted to MASCOT to identifiy 2DE spots using the same search parameters as above in
addition to limiting the mass tolerance to 0.2 Da for both precursor and fragment ions. Only
one missed cleavage was allowed.

NanoUPLC-ESI-QqTOF-MS/MS Analysis of Proteinase K Digests and Synthetic Peptides
Remaining trypsin digests of the 2DE spots that were identified as tubulin-α1A/1B were
transferred to a centrifuge tube and subjected to an additional digestion step by adding 1μL
of a 1μg/μL proteinase K solution. The mixture was incubated overnight at 37°C. Synthetic
peptides and Proteinase K digests were separated utilizing a nanoACQUITY nano-
UltraPerformance-LC System (Waters, Milford, MA) with reversed phase column BEH C18
column 1.7 μm, 75 μm × 150 mm (Waters). Peptides were eluted over 30 min linear gradient
of 0-60% of solvent B (98% acetonitrile, 0.1% formic acid) at a flow rate of 400 nL/min.
Solvent A was composed of 2% acetonitrile and 0.1% formic acid. The nanoUPLC system
was coupled to a QStar Elite® mass spectrometer equipped with NanoSpray II ionsource
(AB Sciex, Framingham, MA). Eluted peptides were ionized in the positive mode using a
fused silica PicoTip emitter with an outer diameter measuring 75 μm and an inner diameter
of 15 μm for the emitter orifice (New Objective, Woburn, MA). A spray voltage of 2300 V,
a curtain gas of 13 psi, a nebulizer gas of 13 psi, an interface heater temperature of 180°C
were set for this analysis.

Identification of tubulin-α1A/1B CTTs
MS and MS/MS data generated for the proteinase K digests were searched against the whole
mouse and bovine databases using the settings described above while specifying proteinase
K as the digesting enzyme. A custom-built database composed of 12 mouse (Table S2) or12
bovine (Table S3) tubulin-α and β isoforms using MASCOT v2.2 search engine
(http://www.matrixscience.com) (Matrix Sciences, London, UK) in ProteinPilot 3.0 software
(AB Sciex) using default parameters for peak picking with a mass tolerance of 0.2 Da for
precursor and for fragment ions. Mass spectra were individually inspected to confirm the
monoisotopic peak assignments. Fixed modifications: None; Variable modifications:
Carbamidomethyl (C); Oxidation (M); Methylation of Carboxylic acids (ED and C-
terminal), and the addition of 1 to 3 glutamate residues on glutamates. MASCOT
configuration was modified to identify E modification by E, and multiple neutral losses of
18 Da (water) from primary and secondary ions that were observed on the CID MS/MS
spectra of synthetic peptides. Pyroglutamylation was not discernible from dehydration (-18
Da) Enzyme specificity: Proteinase K; missed cleavages: 0; Taxonomy: Unclassified.

Acceptance criteria for tubulin-α1A/1B CTT MS/MS Hits
The following criteria were adopted for MASCOT-annotated MS/MS spectra: (1) All m/z
that were identified as belonging to random tubulin-α1A/1B non-CTT peptides were
excluded; (2) NanoUPLC retention times within 1 min. (400 nL) of that of synthetic
peptides; (3) Fragmentation pattern comparable to that of synthetic peptides; (4) for regular
identification, MASCOT Expect value < 0.05 indicating that the probability of a random
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match is < 5%; (5) for the identification of novel glutamylation sites, MASCOT Expect
value < 0.01 indicating that the probability of a random match is < 1%; (6) >90% CTT
sequence coverage; (7) Error < 0.2 Da for precursor and fragment ions; (8) In cases where
the second isotope was picked, the error allowed was 1 Da ± 0.2; (9) MASCOT ion score of
at least 14 corresponding to a confidence interval of at least 95%.

Differentiating Endogenous Modifications from Artifactual Ones
Synthetic tyrosinated tubulin-α1A/1B CTT was subjected to the experimental conditions that
endogenous tubulin went through to identify the modifications that are caused by sample
preparation. The CTT was mixed with DTT and incubated for 1 hour at 56°C,
iodoacetamide was then added and the mixture was incubated in the dark for 30 min at room
temperature. Coomassie Blue and its destaining solution containing methanol and acetic acid
were then added to the mixture and incubated for 3 hours. The mixture was then diluted
10,000 fold prior to nanoLC injection to reduce the amount of methanol and acetic acid that
are injected therefore avoiding any damage to the C18 nano column. MS and MS/MS
spectra were then generated as described above.

RESULTS AND DISCUSSION
Study Design

Whole mouse brain protein extracts and were separated on 2DE. A pure bovine microtubule
sample was similarly analyzed to rule out any data interference from molecules other than
tubulins45-52. Spots were excised, trypsin digested and subjected to ESI-TOF/TOF. Spots
that were reliably identified as tubulin-α1A/1B with Paragon confidence interval of 99%
(Table S4) and MASCOT scores up to 495 (Table S5) on the basis of unmodified peptides
underwent a second digestion with proteinase K. The double digestion of tubulin-α1A/1B
preserved the CTT peptides of tubulin-α1A/1B while at least theoretically reducing the
remaining tubulin-α1A/1B sequences to peptides with molecular masses lower than 1000 Da
allowing for a relatively cleaner MS spectrum in the CTT mass range when analyzed by
nanoUPLC-ESI-QqTOF-MS/MS. MS and MS/MS data generated for the trypsin/proteinase
K double digested tubulins were searched against the whole mouse/bovine databases and
their identities were confirmed as tubulin-α1A/1B. A MASCOT v2.2 custom-database
containing 12 tubulin isoforms (Table S2) was then created to restrict the search space for
glutamylation. The following variable modifications were created in MASCOT v2.2
software configurations: +1E(E); +2E(E); and +3E(E) to account for the (poly)glutamylation
modifications of glutamic acids. Detection of multiple neutral losses of 18Da from primary
and secondary ions corresponding to the dehydration of the glutamates’ carboxylic acid
groups as seen on the CID MS/MS spectra of synthetic peptides was also adapted on
MASCOT. The study was repeated using a 99% pure bovine brain microtubule sample
(Cytoskeletton Inc., Denver, CO) to validate the findings.

Protein Separation and Tubulin-α1A/1B Identification
Mouse brain protein extracts was separated on 2DE followed by Coomassie blue staining
(Figure 2A). Western blotting against tubulin-α was also performed to localize the proteins
of interest. Several tubulin-α isoforms were recognized by the antibody (Figure 2B). A
bovine microtubule protein sample was also separated on 2DE (Figure 2C). Matching spots
that were recognized by western blot were excised from the 2D gel, destained, trypsin-
digested, and analyzed by ESI-Q-TOF/TOF. Several spots were identified as tubulin-α1A/1B
following analysis of tryptic digests with a high confidence interval based on non-CTT
peptide identification (Figure 2D) (Table S4, S5). The high CI is not surprising since
tubulins are highly abundant in microtubules and in brain cells 31, 33, 35. Spots that were
identified as tubulin-α1A/1B by MS and MS/MS following trypsin digestion underwent a
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second digestion with proteinase K. The double digestion allowed for the generation of
tubulin-α1A/1B CTT peptides with theoretical molecular masses in the range of 964 - 1256
Da. Theoretical masses were computed using PeptideMass tool of expasy
(http://web.expasy.org/peptide_mass/). While this tool only accepts one enzyme at a time,
the enzyme entry that was utilized to generate the theoretical masses was proteinase K since
it cleaves the C-terminal of V440 which is closer to the C-terminal of the protein than the last
peptide bond cleaved by trypsin at K430. Theoretically, tubulin CTT will have the highest
molecular mass among all peptides generated by trypsin and proteinase K digestion of
tubulin-α1A/1B and since these CTTs have only one amino group (N-terminal), their
theoretical m/z should be 1256.4 Da for tyrosinated, 1093.4 Da for detyrosinated and 964.4
Da for Δ2 tubulin-α1A/1B as they should be singly charged. An additional data purification
step was performed to account for missed cleavages or non-specific proteolysis that may
yield non-CTT ions with masses close to those of the CTTs. CID MS/MS spectra were
scanned against the sequences of tubulin-α1A/1B without specifying any enzymes. All
peptides that were identified as belonging to random non-CTT tubulin-α1A/1B fragments
within an error of 0.2 Da for primary and fragment ions were excluded even if the sequence
is not a usual product of trypsin or proteinase K digestion. Excluded masses are listed in
Table S6 with their corresponding random tubulin-α1A/1B fragments.

Fragmentation Patterns of Synthetic Peptides and Dehydration of Glutamates
EGEGEEEGEEY is the tyrosinated CTT generated by the double digestion of trypsin and
proteinase K according to the PeptideMass tool of Expasy. Synthetic peptides corresponding
to the CTT of tyrosinated (EGEGEEEGEEY), detyrosinated (EGEGEEEGEE), and Δ2
(EGEGEEEGE) tubulin-α1A/1B were custom-synthesized (Genscript, Piscataway, NJ).
Having only one amino group (N-terminal), these peptides were supposed to be singly-
charged following electrospray ionization (ESI). When the synthetic tyrosinated CTT was
analyzed by NanoUPLC-ESI-QqTOF-MS/MS, the main MS ion was surprisingly doubly
charged with an [M+2H]2+ (m/z 628.6973) (Figure 3A). The singly charged ion was also
present (MH+/m/z 1256.3318) at a lower intensity. Dehydrated primary ions were also
observed on the spectrum: Neutral loss of 1 water molecule was observed in both singly
charged [M+H-H2O]+ (m/z 1238.3943) and double charged [M+2H-H2O]2+ (m/z 619.7092)
ions. Neutral losses of up to 7 water molecules were also detected for both ions: [M
+2H-7H2O]2+ (m/z 565.1917); [M+H-7H2O]+ (m/z 1130.3228). MS/MS spectra of [M+2H-
H2O]2+ (m/z 619.7092) showed 3x18Da neutral losses for b6 (m/z 631.2013) and 2x18Da
losses for b5 fragments (m/z 502.1431) (Figure 3B). A pattern of 7 peaks from m/z
466.1294 to m/z 574.1637 with a ΔM of 18Da was also observed. Neutral losses of multiple
18Da are indicative of the dehydration of γ-carboxylic acid groups of glutamates. The same
phenomenon was also observed for detyrosinated and Δ2-tubulin-α1A/1B. Since this
artifactual modification is significantly affecting the mass distribution of both primary and
secondary ions, MASCOT was adapted to recognize it. MASCOT was also set to identify
internal fragments that were abundantly produced during the fragmentation of the synthetic
peptides (Figures S1-S3). The effect of glutamate on the fragmentation mode of peptides has
been extensively studied. Early studies showed that glutamates undergo dehydration and
deamidation during the fragmentation process resulting in the formation of pyroglutamic
acid53. Other studies showed that fragmentation of glutamate-containing peptides results in
cyclic cationated anhydrides or imide ions54. Neutral losses of water happen during the
fragmentation of the precursor ions. While MS/MS spectra were published for
(poly)glycylated α-tubulins55, the only account in the literature of an endogenous
glutamylated α-tubulin MS/MS spectrum belongs to Toxoplasma gondii (pathogen) which
tubulin CTT structure differs from that of mammalians38. More recently T3-sequencing was
successful at differentiating tubulin-α1A/1B from other α-tubulin isoforms but did not address
tubulin glutamylation56.
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Identification of Endogenous Tyrosinated, Detyrosinated and Δ2-Tubulin-α1A/1B CTTs
All identified CTTs are listed in Table 1 (mouse) and Table 2 (bovine). All original
MASCOT-generated spectra and identifications are shown in the supplementary materials
(Figures S1-S20). MS/MS fragmentation ions of proteinase K digested gel spots that were
identified as tubulin-α1A/1B were searched against the sequences of 12 different tubulin
isoforms with the variable modification of E (up to 3E) addition to E, methylation of E, and
neutral losses of multiple 18Da. Counting on the well-established MASCOT scoring system
to accept or reject MS/MS hits was the mainstay of our identifications. Our acceptance
criteria were stringent and required a MASCOT Expect value < 0.05 for regular
identification indicating that the probability of a random match is < 5% and a MASCOT
Expect value < 0.01 for the identification of novel glutamylation sites indicating that the
probability of a random match is < 1%; sequence coverage of more than 90%; difference
between retention times of endogenous and synthetic peptides lower than 1 min.; Error < 0.2
Da for precursor and fragment ions. Our detailed acceptance criteria are described in the
experimental procedures section. Mouse brain endogenous tyrosinated (Figure 4A),
detyrosinated (Figure 4B), and Δ2- (Figure 4C) tubulin-α1A/1B CTTs were identified based
on standard b and y-type fragmentation products that were picked by MASCOT v2.2.
Bovine tubulin CTTs were similarly identified (Fig. S14, S15, S16). Fragmentation patterns
were similar to those of synthetic peptides after accounting for the methylation on
endogenous tubulins and the differential dehydration that occurred between endogenous and
synthetic peptides. Retention times of the nanoUPLC chromatography were also collected
for each ion and compared with that of the synthetic peptide to confirm the identities of the
CTTs. Endogenous tyrosinated CTT eluted at 13.74 min versus 14.01 min for the synthetic
CTT (Figure 4A). Endogenous detyrosinated and Δ2- CTTs eluted at 11.80 (Figure 4B) and
11.38 min (Figure 4C) which are comparable to the retention times of the synthetic ions:
11.39 and 11.04 min. respectively.

Identification of Glutamylated Tubulin-α1A/1B CTTs
Tubulin-α1A/1B CTT glutamylation was identified on E445 by Edde et al following Edman
sequencing. A gap in sequencing at E445 indicated the presence of a modified E445

residue34. This work was later confirmed after performing Edman sequencing on an isolated
tubulin-α1A/1B CTT57. Edman sequencing was considered the primary method for sequence
identifications, but its sensitivity is far inferior to current instrumentation. Edman
sequencing will disclose the sequence of the most abundant peptide in a sample that contains
2-3 peptides and while DEAE isolation of CTTs with different glutamylation states was
utilized to purify individual CTTs prior to sequencing in the above-mentioned work,
peptides with the same number of glutamic acid additions would have eluted together
regardless of the position of the glutamylation site. The previously reported glutamylation
site at E445 34, 35 was identified (Figures S9, S12, S19) although this identification was
ambiguously assigned on E445, E446, or E447 as modification of any of these 3 consecutive
glutamates would have had the same fragmentation profile. Glutamylation of E441 was
observed on tyrosinated (Figures S11, S20), detyrosinated (Figures 5A, S7, S17) with a
MASCOT Expect value < 0.01 for all MS/MS hits. Glutamylation of E443 was also observed
on detyrosinated tubulin (Figure 5B, S8, S18) and tyrosinated tubulin (Figure S13) with
MASCOT Expect values lower than 0.01. Bi-glutamylation was observed on E441 (Figure
S10) with a p = 0.0032. All of the identified glutamylated detyrosinated CTTs eluted at a
retention time between tR = 11.59 min. and tR = 12.43 min. (Figure 6) close to the retention
time of the synthetic detyrosinated CTT (11.39 min.) further supporting their identification
as tubulin-α1A/1B CTT isotypes since those were shown to elute at close retention times
when separated using reverse-phase chromatography57. It is important to note that
tyrosinated and detyrosinated tubulin CTT ionize differently and that a comparison of their
respective MS signal will not yield an accurate ratio of their distribution in the sample31.
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The quantitation of the different tubulin modifications requires the use of a triple quadrupole
MS and of an internal standard composed of a synthetic CTT with a heavy. Additional
searches using different parameters identified other modifications but with lower scores and
higher Expect values, namely modification of E449/E450, tri-, tetra-, and penta-
glutamylations and were therefore considered a random match.

Differentiating Endogenous from Artifactual Modifications
Endogenous O-methylation of glutamic acids present at the CTT of tubulin-α was recently
reported38. Methylation of Glutamates has also been reported to occur secondary to
Coomassie Blue staining, mainly caused by the exposure to the methanol and acetic acid
mixture which are part of the staining and destaining solutions58. Synthetic tyrosinated
tubulin-α1A/1B CTT was subjected to the experimental conditions that endogenous tubulin
went through to identify the modifications that are caused by sample preparation. In addition
to incubating the CTT with methanol and acetic acid, it was also incubated with DTT and
iodoacetamide to mimick the experimental conditions. NanoLC-MS spectrum of the mixture
was then generated (Figure 7). Singly charged ([MH]+, m/z 1256.4396) and double charged
([M+2H]2+; m/z 628.7290) tyrosinated tubulin-α1A/1B were detected. The only artifactual
modifications that were identified are dehydration and/or pyroglutamylation ([M+2H-
H2O]2+; m/z 619.7720). Formation of standard adducts with sodium ([M+H+Na]2+; m/z
639.7110); potassium ([M+H+K]2+; m/z 647.7069); iron ([M-H+FeIII]2+ m/z 655.1817) was
also observed. Methylation of glutamic acids was not observed. This point to the possibility
of O-methylation occurring endogenously in agreement with recent work by Xiao et al who
demonstrated the endogenous methylation of tubulin CTT glutamates in Toxoplasma
gondii38.

CONCLUSIONS
Sequential trypsin and proteinase K digestion are advantageous over other enzymes in terms
of preserving the CTT of tubulin-α1A/1B while reducing the remaining tubulin-α1A/1B
sequences to small peptides. Tyrosinated, detyrosinated, and Δ2-tubulin-α1A/1B CTTs were
identified following the double digestion of the 2DE spots. Other tubulin isoforms (e.g. Δ4-
tubulin) were shown to carry (poly)glutamylation chains on more than one site31. The latter
precedent supports the possibility of multiple glutamylation sites on tubulin-α1A/1B CTT.
Our study unambiguously identifies E441 and E443 as glutamylation sites in mouse and
bovine brain tubulin-α1A/1B. Glutamylation could not be accurately assigned on E445, E446,
and E447 where modification of at least one of these three consecutive E residues was
observed. O-methylation of glutamates at the CTT of tubulin-α1A/1B was also detected in
endogenous peptides but not in control synthetic ones that were subjected to the same
experimental conditions strongly suggesting that methylation is occurring endogenously.
This method is biologically useful to analyze the regulation of the different tubulin-α1A/1B
glutamylation/detyrosination isotypes in biological samples and will be an important
analysis tool in the research areas of cancer and neurodegenerative disorders. Identification
of differential CTT modifications in tubulins is mainly important in the research area of
cancer therapeutics. In fact microtubule targeting drugs (MTTDs/Chemotherapy) target a
sequence of β-tubulin present in all microtubules including neuronal microtubules59, 60.
Neuropathy secondary to MTTD treatment is the ensuing consequence. Research is
underway to identify novel therapies to replace current MTTDs61, 62. Tubulin-α1A/1B CTT is
the most heterogeneous part of the microtubule making the identification of disease specific
CTT -which targeting minimizes side effects- a possibility.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
C-Terminal Tail of mammalian tubulin-α1A/1B structure and function. (A) Tubulin-α1A/1B
CTT has 7 glutamic acid residues that can potentially be modified by post-translational
glutamate addition to their γ-carboxylic side chains (arrows). Other modifications includes
the cleavage of C-terminal tyrosine (Y451) resulting in the detyrosinated form of tubulin-
α1A/1B and the cleavage of E450 resulting in Δ2- tubulin-α1A/1B (EGEGEEEGE). (B)
Microtubules are composed of tubulin-α/β dimers. Their CTT (circled) is positioned at the
outer lattice of microtubules suggesting that modification of this CTT regulates their
interaction with microtubule-associated proteins (MAPS). (C) Centrioles are composed of
nine microtubule triplets and play a major role during the mitotic progression, spindle
assembly, proper positioning of the nucleus, and segregation of chromosomes. Modification
of tubulin CTTs present at the outer lattice of centrioles will affect the interaction of
centrioles with other biomolecules resulting in a regulation of their dynamics.
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Figure 2.
Tubulin-α1A/1B separation and identification. (A) Coomassie blue-stained 2-DE of proteins
extracted from mouse brain tissues. Proteins were separated using a 7 cm Immobilized pH
Gradient (IPG) strips, pH 4 to 7 in the first dimension and a 4-12% gradient polyacrylamide
gel in the second dimension. Circled spots were identified as tubulin-α1A/1B following
trypsin digestion and ESI-TOF/TOF analysis. (B) 2-Dimensional western blot of mouse
brain extracts against tubulin-α isoforms. (C) 2DE of a bovine microtubule sample (99%
pure). (D) b- and y-type MS/MS fragmentation ions measured following ESI-TOF/TOF CID
of 3 trypsin-generated tubulin peptides. The 3 ions were identified as residues 41 to 60; 65 to
79; and 265 to 280 of tubulin-α1A/1B and as a result the 2DE spot was identified by Paragon
as tubulin-α1A/1B.
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Figure 3.
Ionization, fragmentation pattern, and serial neutral loss in primary and CID MS/MS of
synthetic tubulin-α1A/1B CTT (EGEGEEEGEEY). (A) ESI-MS spectrum showing the singly
charged synthetic CTT ion at m/z 1256.3318 and the double charged ion [M+2H]2+ at m/z
628.6973. Neutral losses of 1 water molecule were observed in both single-charged [M+H-
H2O]+ (m/z 1238.3943) and double-charged [M+2H-H2O]2+ (m/z 619.7092) ions. Neutral
losses of up to 7 water molecules were also detected for both ions: [M+2H-7H2O]2+ (m/z
565.1917); [M+H-7H2O]+ (m/z 1130.3228). (B) A close-up look at the CID MS/MS spectra
of EGEGEEEGEEY showed 3x18Da neutral losses for b6 (m/z 631.2013) and 2x18Da loss
for b5 fragments (m/z 502.1431) and a pattern of 7 peaks from m/z 466.1294 to m/z
574.1637 with a ΔM of 18Da.
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Figure 4.
CID MS/MS of endogenous (top), synthetic (middle), and extracted chromatograms
(bottom) of (A) tyrosinated tubulin-α1A/1B CTT: precursor ions were doubly charged at m/z
619.7040 for the synthetic peptide (tR 14.01 min.) with a neutral loss of H2O, and m/z
642.7346 for the endogenous one (tR 13.74 min.) with 2 methylations; extracted ions created
by targeting these 2 ions showed close retention times; (B)detyrosinated tubulin-α1A/1B
CTT: precursor ions were doubly charged at m/z 547.1812 for the synthetic peptide (tR
11.39 min.) with 2 neutral losses of H2O, and singly charged at m/z 1075.3301 for the
endogenous one (tR 11.80 min.) with 2 neutral losses of H2O; extracted ions created by
targeting these 2 ions showed close retention times; (C) Δ2-tubulin-α1A/1B CTT: precursor
ions were doubly charged at m/z 482.6544 for the synthetic peptide (tR 11.04 min), and
doubly charged at m/z 473.6524 for the endogenous one (tR 11.38 min.) with 1 neutral loss
of H2O; extracted ions created by targeting these 2 ions showed close retention times.
Fragmentation patterns of synthetic and endogenous peptides were similar after accounting
for the methylation of endogenous peptides and the differential dehydration between
endogenous and synthetic CTTs.
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Figure 5.
Identification of novel glutamylation sites. CID MS/MS of detyrosinated tubulin-α1A/1B
CTT glutamylated at (A) E441 with a doubly charged precursor ion at m/z 609.7140, (B)
E443 with a doubly charged precursor ion at m/z 611.6988. The difference in m/z is due to
the differential methylation/dehydration between the two peptides.
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Figure 6.
Retention times of bovine detyrosinated/glutamylated tubulin-α1A/1B. Extracted ion
chromatograms created by targeting detyrosinated and glutamylated tubulin-α1A/1B CTTs
including the newly identified CTT s glutamylated at E441 and E443 show close retention
times in the range of 11.59-12.43 min that is close to the retention times of the endogenous
(11.80 min.) and synthetic (11.39 min.) non-modified form of detyrosinated tubulin-α1A/1B
CTTs.

Sahab et al. Page 18

J Proteome Res. Author manuscript; available in PMC 2013 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Artifacts on tubulin-α1A/1B glutamate CTT modifications. The following tyrosinated
tubulin-α1A/1B forms were detected: singly charged (m/z 1256.4396); double charged (m/z
628.7290); dehydrated/or pyroglutamylated ([M+2H-HO] m/z 619.7720); sodium adduct
(m/z 639.7110); potassium adduct (m/z 647.7069); and iron adduct (m/z 655.1817).
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