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Abstract

Immunohistochemical and biochemical investigations showed that significant protein nitration occurs in human gliomas, especially in grade
glioblastomas at the level of astrocytes and oligodendrocytes and neurones. Enhanced alpha-tubulin immunoreactivity was co-present in the
elements in the glioblastomas. Proteomic methodologies were employed to identify a nitrated protein band at 55 kDa as alpha-tubulin. Pep
mass fingerprinting procedures demonstrated that tubulin is nitrated at Tyr224 in grade IV tumour samples but is unmodified in grade | samj
and in non-cancerous brain tissue. These results provide the first characterisation of endogenously nitrated tubulin from human tumour samp
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Malignant neoplasms of the central nervous system express Increased levels of nitrated proteins have been detected in sev-
abnormally high levels of nitric oxide synthase (NQ5) sug-  eral diseasefl1,20]and in some forms of cancgf,12]. Little
gesting that nitric oxide (NO) and related nitrogen species majis known about the target proteins for endogenous nitration dur-
be associated with pathophysiological processes important ag brain tumour progression, though elevated levels of nitrated
these tumours. NO can diffuse from the site of production angbroteins, as well as increased expression of inducible NOS con-
can interact with superoxide to generate peroxynitrite, a highhstitute an established correlate of human gliorfa§,9] A
reactive species that may be responsible for nitration of tyroeandidate target for nitration is represented by the cytoskeletal
sine residues in proteins to form 3-nitrotyrosid&]. Tyrosine  protein tubulin. Tubulin nitration is putatively involved in pro-
nitration may lead to profound structural alterations with lossegein turnover through the tyrosination/detyrosination cyt#.
in specific biological functions and enhanced proteolytic degrawhen free 3-nitrotyrosine is present in the cell, it is irreversibly
dation by the proteasonj#3,18]. However, moderate tyrosine incorporated into alpha-tubulin preventing its detyrosination
nitration also occurs in healthy tissues without causing apparenthich is essential in cellular growth, differentiation and motility
dysfunctions in target proteifi]. Protein nitration was recently [4,8]. Nitrotyrosination of alpha-tubulin induces alterations in
suggested to be involved in signal transducfib3), cell differ-  cell morphology and changes in microtubule organisafgjn
entiation[3] and normal embryo developmdiO]. though recent data showed that 3-nitrotyrosine incorporation
into alpha-tubulin is reversible and not detrimental to cgl]s
In this regard, recovery mechanisms restoring basal levels of
Abbreviations: ESIMS, electrospray mass spectrometry; ES/Ms/Ms, functionally active alpha-tubulin appear to be operative in some
electrospray tandem mass spectrometry; HPLC, high-performance liquitnvertebrate systenji7].
chromatography; LC/MS/MS, liquid chromatography—electrospray tandem In this paper, we used biochemical, immunohistochemical
mass spectrgmetry; MAL‘D_I-TOF, matrix-assisted laser desorption ionisazng proteomic approaches to characterise endogenous protein
tion/time of flight; NOS, nitric oxide synthase; SDS—-PAGE, sodium dodecyl _. . . . .
sulfate—polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid nitration ”_1 hu_man gliomas. We demonStrat_e_d that tUbu“n_IS a
* Corresponding author. Tel.: +39 081 5833276/293; fax: +39 081 7641355 arget of nitration in these tumours with modification essentially
E-mail address: palumbo@szn.it (A. Palumbo). occurring at a specific tyrosine residue different from that pre-
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viously reported under physiologically relevant conditions inphenylmethylsulfonyl fluoride. Homogenates were centrifuged
PC12 celld19]. at 18,000x g for 20 min and the extracts were subjected to west-
Brain tumour specimens were obtained from patients operern blotting for nitrated protein analysis. Protein concentration
ated on at the Neurosurgery Department, Second University afias determined using a Bio-Rad protein assay reagent (Bio-Rad,
Naples. All patients or legal guardians gave informed consent foMilan, Italy) with bovine serum albumin as a standard.
this study (according to the Declaration of Helsinki and the Insti-  Sodium dodecy! sulfate—polyacrylamide gel electrophore-
tutional Review Board of the Second University of Naples). Theysis (SDS—PAGE) was carried out as reporfgéd] using an
were given detailed information about the aim of the researchacrylamide concentration of 7.5%. Rabbit polyclonal antibody
experimental procedures and methodologies. Surgical decisioagainst 3-nitrotyrosine (1:1000) (Chemicon) was used.
making was independent of the present study. Tumour type and Forimmunohistochemistry, tissues were treated as previously
grade were determined by histological assessment according tiescribed17]. The primary antibodies were rabbit polyclonal
the World Health Organisation criteria for the grading of brainantibody against 3-nitrotyrosine (1:100) (Chemicon) and mouse
tumours. The grading system is grades I-1V. Grade | tumours ammonoclonal anti-alpha-tubulin (1: 5000) (Sigma).
the least malignant and grow only very slowly, whereas grade Coomassie blue-stained protein bands were excised from
IV tumours are more malignant and grow faster. SDS gels and in situ digested as described previdasly
Patient 1: 56-year-old male, left fronto-temporal craniotomy. Matrix-assisted laser desorption ionisation/time of flight
A rosaceous lesion infiltrating the temporal tip was excised(MALDI-TOF) mass spectra were recorded using an Applied
Histological examination showed low-to-mild proliferation of Biosystem Voyager DE-PRO instrument. A mixture of ana-
pseudo-spongioblastic glial fibrillar acidic protein-positive ele-lyte and matrix solution (alfa-cyano-hydroxycinnamic acid
ments with Rosenthal fibres. Diagnosis: grade | pilocytic astro10 mg/ml in 66% acetonitrile, 0.1% TFA, in MilliQ water) was
cytoma. applied to the metallic sample plate and dried down at room
Patient 2: 45-year-old male, who underwent left frontal crantemperature. Mass calibration was performed using external
iotomy to remove a frontal lesion (3cm diameter) localisedpeptide standards. Raw data were analysed using the computer
by echo guidance at a depth of 2 cm. Histological examinatiosoftware provided by the manufacturer and reported as monoiso-
showed high proliferation of cells with monotonous round nucleitopic masses. Peptide masses of each digested protein were used
with eccentric rim of eosinophilic cytoplasm. Diagnosis: gradeto search for protein databases using three different mass fin-
Il oligodendroglioma. gerprinting softwares available on the net: MsFit from Protein
Patient 3: 53-year-old male, operated for right frontalProspector, Mascot from Matrix Science and ProFound from
glioblastoma 2 years earlier, who underwent right frontal cranfrowl.
iotomy for a recurrent tumour. An intraoperative ecography Tryptic peptide mixtures obtained from in situ
localised a neoplasm at 1cm depth from the smooth frontadligestions were also analysed by *“on-line” Liquid
cerebral circumvolutions. Histological examination showed pro-Chromatography—Electrospray Tandem Mass Spectrome-
liferation of anaplastic elements with high mitotic activity and try (LC/MS/MS) using an LCQ ion trap instrument (Finnigan
neovascularisation as well as areas of necrosis. Diagnosis: gra@erp., San Ja& CA, USA). Proteolytic digests were frac-
IV glioblastoma. tionated on a HP 1100 HPLC apparatus (Hewlett-Packard,
Patient 4: 64-year-old male, left frontoparietal craniotomy.Palo Alto, CA, USA) using a narrowbore Phenomenex Jupiter
The lesion (3cm maximal diameter) was localised with echaC18 column (250 mnx 2.1 mm, 300&) (Torrance, CA, USA)
guidance at a depth of 2cm. Histological examination showedvith 0.05% TFA, 5% formic acid in MilliQ water (solvent
high proliferation of small lymphocyte-like elements with high A) and 0.05% TFA, 5% formic acid in acetonitrile (solvent
mitotic activity and frequent necrotic areas and pseudorosett®) by means of a linear gradient from 5 to 70% solvent B in
Diagnosis: grade IV glioblastoma. 60 min at a flow rate of 0.2ml/min. The effluent was directly
Patient 5: 79-year-old female, parieto-occipital craniotomy.nserted into the ion source through the electrospray probe and
A rosaceous cortical-sub-cortical neoplasm was completelpoth electrospray mass spectrometry (ES/MS) and electrospray
removed. Histological examination showed high proliferationtandem mass spectrometry (ES/MS/MS) spectra were acquired
of glial anaplastic and plurinucleate elements with prolifera-throughout the entire analysis by using the software provided
tion of vessels, and haemorrhagic areas. Diagnosis: grade Iith the instrument.
glioblastoma. Protein nitration was determined in five brain tumour sur-
Pathological specimens obtained from neurosurgery wergical specimens, including astrocytomas, oligodendrogliomas
either frozen immediately at80°C and analysed within 1 day, and highly malignant glioblastomas. Elevated tyrosine nitra-
or prepared for immunohistochemistry. Trypsin, dithiothreitol,tion was observed in all tumours as determined by nitrotyro-
iodoacetamide and-cyano-4-hydroxycinnamic acid were pur- sine immunoreactivity. However, significant differences were
chased from Sigma. High-performance liquid chromatographybserved in individual samples as reportedrig. 1 In astro-
(HPLC) grade trifluoroacetic acid (TFA) was from Carlo Erba. cytoma (grade 1), immunoreactivity to nitrotyrosine was con-
All other reagents and solvents were from Baker and were of théned to few glial cells of different size. Some neurones showed
highest purity available. positive immunoreaction, and no response was observed in
Brain samples were homogenised in 25mM Tris bufferthe stroma Fig. 1A). In oligodendroglioma (grade 1) glial
(pH 7.4) containing 100mM NaCl, 1mM EDTA and 1mM cells exhibited cytoplasmicimmunoreactivity to nitrotyrosine. A
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Fig. 1. 3-Nitrotyrosine immunohistochemical staining of human gliomas. (A) Astrocytoma (grade 1). Immunoreactivity is confined to spheraedisgi@thin
was absent in the stroma. (B) Oligodendroglioma (grade Il). Immunoreactivity is present in glial cells and a weak stain is present in the strqmesdpRe
glioblastoma (grade 1V; sample 5). Immunoreactivity is present in many glial and neuronal elements. Note the very intense immunostainingma.t{i2)stro
Pre-absorption of anti-3-nitrotyrosine with 3-nitrotyrosine as control completely blocked immunostaining. (E) Sections of areas of mivérdathbirain from the
same pathological sections of the glioma patients stained with antibodies to 3-nitrotyrosine. Little or no nitration was observed. Scaledvars = 100

weak and diffuse immunoreactivity was observed in the stromaevealed that tubulin location within the different classes of
(Fig. 1B). In all samples of malignant glioblastomas (grade 1V) elements changes as the degree of malignancy increases, indi-
which are characterised by rapid growth, vascular proliferatiorcating a non-uniform expression of the antigen. In fact, in both
and oedema, and express relatively high levels of NOS | andstrocytoma (gradefig. 2A) and oligodendroglioma (grade I,
NOS Il [5] the patterns of nitrotyrosine immunoreactivity were Fig. 2B), as well as in not invaded aredsd. 2E), immunopos-
similar. Strong nitrotyrosine immunopositivity was present initivity to the alpha-tubulin was identified in neuronal elements,
many glial as well as neuronal elemerfgy. 1C). In some cases especially fibres and nerve endings. In the oligodendroglioma,
immunopositive cells seemed to be plurinucleated. Along thénowever, some glial cells displayed an intense immunostaining
necrosis areas, immunoreactive elements were organised as cl@gig. 2B). Inthe malignant glioblastoma (grade V), even though
ters. Strong immunoreactivity was also observed in the stromammunoreactivity is still present in the neuronal elements, tubu-
Pre-incubation of the nitrotyrosine antibody with 3-nitrotyrosinelin was strongly immunodetected in the glial elemefig(2C).
as control completely blocked immunostaining from a serial sec€ontrols performed by omitting primary antibody revealed no
tion of the same tumour{g. 1D). Little or no nitration was tubulin immunoreactivity fig. 2D).
observed in areas of minimally invaded brain from the same Identification of nitrated proteins in tumour samples was
pathological sections of the glioma patierfsy, 1E). accomplished by proteomic approaches. Protein extracts from
Investigation on the presence of alpha-tubulin in the saméhe five brain tumour samples were fractionated by SDS-PAGE
samples assayed for nitrotyrosine immunoreactivity was pertFig. 3). All extracts exhibited well-detectable nitrated protein
formed using specific anti-tubulin antibodieSid. 2). Tubu-  bands at 33 (a), 40 (b) and 55 kDa (e), four showed an additional
lin immunoreactivity was normally observed in both neuronalband at 45kDa (c) and one had a distinct band at 50 kDa (d).
and glial elements. However, immunohistochemical analyse$he Coomassie-stained bands corresponding to the immunore-
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Fig. 2. Alpha-tubulinimmunoreactivity in human gliomas. (A) Astrocytoma (grade l). Immunoreactivity is present in fibres and nerve endingmdBj@ibglioma
(grade I1). Immunoreactivity is mainly present in fibres, but some glial cells show immunoreactivity (arrow). (C) Glioblastoma (grade 1V; sakihe-B)bulin
strong immunopositivity is widely distributed to many glial (arrows) and neuronal elements. (D) Omission of anti-alpha-tubulin as controlyanipi&ed

immunostaining. (E) Sections of areas of minimally invaded brain from the same pathological sections of the glioma patients stained withtariploaigsulin.
Immunostaining is present in fibres. Scale bars g#0in (A and C); 15Q.m in (B, D and E).

active proteins were excised from the gels, reduced, alkylatethking advantage of the specificity of trypsin and the taxonomic
and in situ digested with trypsifig. 4shows the partial MALDI  category of the sample. The set of mass values was compared
mass spectrum of a peptide mixture from the tryptic digest of théo the theoretically predicted peptides from the proteins in the
55 kDa protein from sample 4, taken as representative samplexplored database. A set of 17 mass values matched within
Mass signals were used to search for a non-redundant sequerfaeman tubulin alpha 6 sequence with a mass accuracy better
database using three different softwares available on the nehan 80 ppm.
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kDa 7
220 — . ——
97 — E :
66 — - -

-
—e — — O - —e _‘_' -e

45— -c g — C -d = | B

S = - b - b - b — b S S b
30— = o -2 —— _p = o — —a w—— . -a

Fig. 3. SDS electrophoresis of protein extracts from brain tumour samples. Lanes 1A-5A: Coomassie-stained gels. Lanes 1B-5B: Western Bldietsane num
correspond to patient identification numbers.
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Fig. 4. Partial MALDI mass spectrum of the peptide digest from the band at 55 kDa. Mass signals were assigned to the corresponding peptidesmatpimetubul
6 sequence on the basis of their mass values. Nitrated 216229 peptide is indicated w)thT(hSin autoproteolysis peaks are marked with an asterisk (*).

All the other putative candidates received a very low prob-glioblastoma sample whereas this peak was completely absent
ability score, thus leading to the identification of tubulin asin the low-grade tumour sample. The remaining portions of the
the protein component. The mass spectral analysis led to spectra of the two samples were almost identical. Similarly,
sequence coverage of the tubulin primary structure greater thahe mass signals corresponding to the nitropeptide 216-229
46%. Moreover, investigation of the MALDI spectrum led to were detected in the other glioblastoma samples. No detectable
the identification of the nitration site. Two related signals:at  tyrosine nitration was observed in the peptide 216—229 in non-
1763. 9 and 1718.9, respectively, were detected in the spectruoancerous brain tissue (data not shown).
that exhibited a mass difference of 45 Da, corresponding to a In this study we reported immunohistochemical evidence
nitro group. The pealu/z 1718.9 was assigned to the fragmentindicating elevated protein nitration and tubulin expression in
216-229 within tubulin sequence whereas the satellite signal at
mlz 1763.9 corresponded to the peptide carrying a 3-nitro tyro-
sine residue. Since this fragment contains a single Tyr residue 199
at position 224, the modification site was unambiguously deter-
mined.

Although a high percentage of the protein sequence couldi;
be mapped by MALDI mass fingerprinting, some sequence por-
tions escaped identification. The peptide mixture was then sub-g 50
mitted to LC/MS/MS analysis. The peptide sequences obtained= x
from the interpretation of tandem mass spectra were used to con
firm MALDI identification and led to an increase in the sequence
coverage which raised to 53%. Several tyrosine containing pep- // oy dalfaea "
tides were identified by the mass spectrometric procedures, thusa) © 1704
leading to the identification of 10 Tyr residues that resulted to
be unmodified (Tyr 83, Tyr 103, Tyr 108, Tyr 262, Tyr 272, Tyr
312, Tyr 319, Tyr 357, Tyr 393, Tyr 408). However, a few tyro-
sine residues escaped identification and their modification state
could not be monitored.

The presence of tubulin in the protein extracts from the
remaining four brain tumours (samples 1, 2, 3 and 5) was
assessed using the same procedure. However, different results
on the occurrence of 3-nitrotyrosine in tubulin in the different
tumour grades were obtained. As an examplg, 5shows the m
partial MALDI spectrum of the peptide mixtures from the tryp- // MM M W}M‘\WW MMUW//

tic digest of the tubulin band in malignant glioblastoma (grade (b) © 1704 mass (m/z) 1752

Vi Sallmpleh4, panel a) anld in aStrOCyt.oma (%radg I Sanle lPig. 5. Partial MALDI mass spectrum of the mixtures from the tryptic digest of
pane b): The mass signal corresponding to the mtratgd orm Qfe wbulin band in malignant glioblastoma (grade IV; sample 4, panel a) and in
the peptide 216-229 was clearly detectedhat1763.9 in the  astrocytoma (grade I; sample 1, panel b).
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human gliomas compared to non-cancerous brain tissues, with and the globus pallidus of normal rat brain, J. Neurosci. 20 (2000)
an apparently higher immunochemical response in glioblastoma  4798-4808. o . _ _ _
(grade IV) samples. Tubulin immunoreactivity becomes maxi- [3] G. Cappelletti, M.G. Maggioni, G. Tedeschi, R. Maci, Protein tyrosine

. . . . nitration is triggered by nerve growth factor during neuronal differenti-
mal in the glial elements as the neoplasm progresses, mirroring ..« 515 celis Exp. Cell Res. 288 (2003) 9-20

the results of nitrotyrosine immunodetection. Finally, both anti- (4] w. chang, D.R. Webster, A.A. Salam, D. Gruber, A. Prasad, J.P. Eis-
gens are extremely immunoreactive in glial cells in advanced erich, J.C. Bulinski, Alteration of the C-terminal amino acid of tubulin
grade tumours. specifically inhibits myogenic differentiation, J. Biol. Chem. 277 (2002)

Proteomic investigation of protein extracts from grade IV 30690-30698.

tumour fi e ovided direct evidences that tubulin is nit ateo{5] C.S. Cobbs, J.E. Brenman, K.D. Aldape, D.S. Bredt, M.A. lIsrael,
u urtissues provi Ir Vi S ubulinIs nrtr Expression of nitric oxide synthase in human central nervous system

under severely pathological conditions. In particular, peptide  tymors, Cancer Res. 55 (1995) 727-730.

mass fingerprinting procedures allowed us to identify Tyr224 [6] C.S. Cobbs, M. Samanta, L.E. Harkins, G.Y. Gillespie, B.A. Merrick,
as a specific nitration site of alpha-tubulin in grade IV human L.A. MacMillan-Crow, Evidence for peroxynitrite-mediated modifica-
glioma samples. On the contrary, this residue was found to be tions to p53 in human gliomas: possible functional consequences, Arch.

i - Biochem. Biophys. 394 (2001) 167-172.
unmodified in lower grade tumours, e.g. astrocytoma (grade I)[7] A. Ehsan, F. Sommer, A. Schmidt, T. Klotz, J. Koslowski, S. Nigge-

or in control tissues. To the best of our knowledge, this is the  mann, G. Jacobs, U. Engelmann, K. Addicks, W. Bloch, Nitric oxide
first identification of an in vivo site of endogenous nitration of pathways in human bladder carcinoma. The distribution of nitric oxide
alpha-tubulin in human tumour tissues. Mass spectral analyses synthases, soluble guanylyl cyclase, cyclic guanosine monophosphate,

led to the identification of 10 further Tyr residues that were found _ ad nitrotyrosine, Cancer 95 (2002) 2293-2301.
unmodified [8] J.P. Eiserich, A.G. Estevez, T.V. Bamberg, Y.Z. Ye, P.H. Chumley, J.S.

. . . . Beckman, B.A. Freeman, Microtubule dysfunction by posttranslational
Alpha-tubulin contains 18 or 19 tyrosine residues depend- pjtrotyrosination of alpha-tubulin: a nitric oxide-dependent mechanism

ing on the presence of the C-terminal tyrosine which can be of cellular injury, Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 6365-6370.
lost fo||owing Speciﬁc proteo|ytic processing eve[ﬁg]_ These [9] E. Ellie, H. Loiseau, F. Lafond, J. Arsaut, J. Demotes-Mainard, Differ-
residues are not equally susceptible to nitration, and several ential expression of inducible nitric oxide synthase mRNA in human

tructural factors r hsible for lectiv t-translation brain tumours, NeuroReport 7 (1995) 294-296.
structural factors responsibie for selective post-transialio !LO] E. Giannopoulou, P. Katsoris, C. Polytarchou, E. Papadimitriou, Nitra-

modification have been proposed. A mass spectrometric char-  tion of cytoskeletal proteins in the chicken embryo chorioallantoic mem-
acterisation of nitrated alpha-tubulin in PC12 cells undergoing  brane, Arch. Biochem. Biophys. 400 (2002) 188-198.
neuronal differentiation fo||owing exposure to nerve growth fac-[11] P.F. Good, A. Hsu, P. Werner, D.P. Perl, C.W. Olanow, Protein nitration

tor has revealed significant nitration at the 161 and 357 tyrosing__ ' Parkinson’s disease, J. Neuropathol. Exp. Neurol. 57 (1998) 338-342.
id 191. Dat ted in thi d trated that [[12] T. Goto, K. Haruma, Y. Kitadai, M. Ito, M. Yoshihara, K. Sumii, N.
res ues[ ] ala reported In this paper demonstrate ata Hayakawa, G. Kajiyama, Enhanced expression of inducible nitric oxide

least one of these resi_dues, Tyr357,is unmodified in _tumour tiS-  synthase and nitrotyrosine in gastric mucosa of gastric cancer patients,
sues. These results might suggest that different tyrosine residues Clin. Cancer Res. 5 (1999) 1411-1415.

are susceptible to nitration under different biological conditions[13] S.A. Greenacre, H. Ischiropoulos, Tyrosine nitration: localisation, quan-

ie. in physiological or pathological conditions although the tification, consequences for protein function and signal transduction,

L . Free Radic. Res. 34 (2001) 541-581.
limitations inherent to the MS methOdOIOgy must be dUIy kept[14] H.T. Idriss, Man to trypanosome: the tubulin tyrosination/detyrosination

into account. Tyr 224 belongs to the inner, drug-binding domain ~ cycie revisited, Cell Motil. Cytoskeleton 45 (2000) 173-184.

of alpha-tubulin[16] and is evidently exposed to solvent and [15] G. Monti, L. De Napoli, P. Mainolfi, R. Barone, M. Guida, G. Marino,
nitrating agents, as reported for the bovine profg@j. Whether A. Amoresano, Monitoring Food quality by microfluidic electrophoresis,
and how this modification affects interaction with other tubulin ~ 92S chromatography, and mass spectrometry techniques: effects of aqua-

. . . . culture on the sea bas®igentrarchus labrax), Anal. Chem. 77 (2005)
subunits or microtubule associated proteins and the relevance to g g4

altered neuronal cell growth remains to be determined and repre] E. Nogales, M. Whittaker, R.A. Miligan, K.H. Downing, High-
resents an important goal for future studies on protein nitration  resolution model of the microtubule, Cell 96 (1999) 79-88.

in human glioma. [17] A. Palumbo, G. Fiore, C. Di Cristo, A. Di Cosmo, M. d’Ischia, NMDA
receptor stimulation induces temporary alpha-tubulin degradation sig-
naled by nitric oxide-mediated tyrosine nitration in the nervous system
of Sepia officinalis, Biochem. Biophys. Res. Commun. 293 (2002)
1536-1543.
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