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Abstract

Protein succination is a stable post-translational modification that occurs when fumarate reacts 

with cysteine residues to generate S-(2-succino)cysteine (2SC). We demonstrate that both alpha 

(α) and beta (β) tubulin are increasingly modified by succination in 3T3-L1 adipocytes and in the 

adipose tissue of db/db mice. Incubation of purified tubulin from porcine brain with fumarate (50 

mM) or the pharmacological compound dimethylfumarate (DMF, 500 μM) inhibited 

polymerization up to 35% and 59%, respectively. Using mass spectrometry we identified 

Cys347α, Cys376α, Cys12β and Cys303β as sites of succination in porcine brain tubulin and the 

relative abundance of succination at these cysteines increased in association with fumarate 

concentration. The increase in succination after incubation with fumarate altered tubulin 

recognition by an anti-α-tubulin antibody. Succinated tubulin in adipocytes cultured in high 

glucose vs. normal glucose also had reduced reactivity with the anti-αtubulin antibody; suggesting 

that succination may interfere with tubulin:protein interactions. DMF reacted rapidly with 11 of 

the 20 cysteines in the αβ tubulin dimer, decreased the number of free sulfhydryls and inhibited 

the proliferation of 3T3-L1 fibroblasts. Our data suggests that inhibition of tubulin polymerization 

is an important, undocumented mechanism of action of DMF. Taken together, our results 

demonstrate that succination is a novel post-translational modification of tubulin and suggest that 
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extensive modification by fumarate, either physiologically or pharmacologically, may alter 

microtubule dynamics.
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Introduction

The Krebs cycle metabolite fumarate can react with thiol groups on cysteine residues to 

generate the stable adduct, S-2-(succino)cysteine (2SC), also termed succination of proteins 

[1]. We have previously described an increase in fumarate and protein succination in 3T3-

L1 adipocytes matured in high glucose medium and in the adipose tissue of type 2 diabetic 

db/db and ob/ob mice [2-5], and we have developed a specific anti-2SC polyclonal antibody 

to detect succinated proteins [2]. Several of the succinated proteins in adipocytes have been 

identified including cytoskeletal proteins, endoplasmic reticulum chaperones and hormones 

[2]. The hormone adiponectin has been shown to be succinated both in vitro and in vivo, 

preventing its incorporation into high molecular weight oligomers and secretion from the 

adipocyte [3] and demonstrating the functional impact of succination on a target protein. 

Protein succination is also increased in the gastrocnemius muscle of 6 month old type 1 

diabetic rats and results in a reduction in the activity of the glycolytic enzyme 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [1, 6]. However, the levels of protein 

succination did not significantly change in the gastrocnemius muscle of 16 week old db/db 

mice, a model of type 2 diabetes [5]. Protein succination appears to be a sensitive biomarker 

of mitochondrial stress in the white adipocyte [4] and, while 2SC levels were unchanged in 

other tissues of the db/db mouse, a prominent succinated protein ∼50 kDa was consistently 

detected in both skeletal and cardiac muscle, lungs and adipose tissue [5]. In the present 

work we have confirmed the identification of this protein, the most abundantly succinated 

protein by anti-2SC antibody staining in adipocytes, as tubulin.

The α and β isotypes of tubulin form heterodimers that are the building blocks for 

cytoskeletal microtubules. Several post-translational modifications (PTMs) of tubulin have 

been described including acetylation, tyrosination, glutamylation, glycylation, 

phosphorylation and palmitoylation [7-10]. The majority of these PTMs, with the exception 

of acetylation, have been documented to increase close to the carboxyl termini of α and β 

tubulins and have diverse roles in regulating microtubule length and stability or the 

regulation of microtubule associated proteins (MAPs) [7-10]. While all of these PTMs are 

believed to be enzymatically regulated [7], the non-enzymatic modification of tubulin by 

nitric oxide, hydrogen peroxide and the lipid peroxidation product 4-hydroxynonenal (4-

HNE) has also been described [11-16]. Tubulin carbonylation by 4-HNE is known to target 

several cysteine residues [15-19], including Cys295α, Cys347α, Cys376α, and Cys303β, 

resulting in decreased polymerization and increased tubulin cross-linking [16, 17]. The αβ 

tubulin dimer contains a total of 20 cysteines (12 in α-tubulin and 8 in β-tubulin), 16 of 

which are rapidly reactive with electrophiles [20]. The reactivity depends on the electrostatic 
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environment of each individual residue and increases in proximity to positively charged 

residues that favor the ionization of the thiol group to thiolate [20]. In the present study we 

describe protein succination as a novel modification of both α and β tubulin under in vitro 

conditions during high glucose culture and in the adipose tissue of db/db mice. We also 

demonstrate that dimethylfumarate (DMF), a more reactive fumarate ester, lowers tubulin 

polymerization and fibroblast proliferation, suggesting that the pharmacological 

modification of proteins by succination may have a regulatory role in microtubule dynamics.

Experimental

Chemicals

Unless otherwise noted, all chemicals were purchased from Sigma/Aldrich Chemical Co (St. 

Louis, MO & Milwaukee, WI). Criterion polyacrylamide gels and Precision Plus protein 

ladder were purchased from BioRad Laboratories (Richmond, CA). PVDF membrane and 

ECL Plus chemiluminescent substrate were from GE Healthcare (Piscataway, NJ). The 

synthesis of 2-succinocysteamine and preparation of polyclonal anti-2SC antibody has been 

described previously [2]. The following commercial antibodies were used: α-tubulin B-7 

from Santa Cruz Biotechnology (Dallas, TX) and DM1A from Cell Signaling Technology, 

Inc. (Danvers, MA); β-tubulin TUB2.1 from Santa Cruz Biotechnology and D65A4 from 

Cell Signaling Technology, Inc.; combined αβ-tubulin ATN02 from Cytoskeleton, Inc. 

(Denver, CO); and actin I-19 from Santa Cruz Biotechnology.

Cell Culture

Murine 3T3-L1 fibroblasts were obtained from the laboratory of Dr. Howard Green 

(Harvard Medical School, Boston, MA). The cells were maintained as pre-adipocytes or 

differentiated into adipocytes as described previously [2, 4, 5]. After differentiation, the 

adipocytes were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 

either 5 mM D-glucose and 0.3 nM insulin or 30 mM D-glucose and 3 nM insulin for an 

additional period of 4-8 days (maturation period). C2C12 cells were purchased from the 

American Type Culture Collection (Manassas, VA) and cultured in DMEM supplemented 

with 10% FBS, 50 U/ml penicillin and 50 μg/ml streptomycin. After reaching confluence, 

myoblast differentiation was induced for 72 h in DMEM supplemented with 2% heat-

inactivated horse serum. For all cells the culture medium was changed every 48 h but 

glucose was supplemented into the media at 24 h intervals to maintain glucose levels at 5 

mM. Preliminary experiments using L-glucose as an osmotic control indicated that it had no 

effect on increasing protein succination (data not shown). Cells were harvested in 

radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 

mM EDTA, 0.1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

deoxycholate, pH 7.4), with the addition of 2 mM diethylenetetraminepentaacetic acid 

(DTPA) and a protease inhibitor cocktail (P8340, Sigma Aldrich, St Louis, MO). The cell 

lysate was pulse sonicated at 2 watts using a Model 100 sonic dismembrator (Fisher 

Scientific, Fair Lawn, NJ) for 1 min prior to resting on ice for 30 min in lysis buffer. The 

protein was precipitated with 9 volumes of cold acetone for 10 min on ice. After 

centrifugation at 3,000 x g for 10 min and removal of the acetone, the protein pellet was 
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resuspended in 500 μl RIPA buffer. The protein content was determined by the Lowry assay 

[21].

Mouse Tissue Preparation

All experiments with mice were conducted at the University of South Carolina in 

accordance with protocols approved by the Institutional Review Board or the Institutional 

Animal Care and Use Committee. Control and db/db diabetic mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Animals were sacrificed by CO2 asphyxiation at 15 

weeks age and adipose tissue, sciatic nerves and brains were removed immediately, snap 

frozen in liquid nitrogen and stored at −80°C until use. Tissues used for 

immunoprecipitation and gel separation procedures were homogenized by sonication in 

RIPA buffer, and proteins were precipitated with acetone and resuspended as described 

above (see Cell Culture). Samples were stored at −80°C until use.

Immunoprecipitation

Immunoprecipitation with a monoclonal anti β-tubulin antibody was performed as 

previously described [6], with minor modifications. Briefly, protein from C2C12 myotubes, 

3T3 adipocytes (500 μg) or adipose tissue (200 μg) was diluted to 500 μl with a mix of 50% 

RIPA buffer/50% PBS, containing 2 mM DTPA and a protease inhibitor cocktail. To 

decrease non-specific binding, preparations were pre-incubated with non-immune Protein G-

coupled agarose beads (Thermo Scientific, Rockford, IL) for 30 min at room temperature 

with gentle shaking. After a 5 min spin at 3,000 x g, 1 μg anti β-tubulin antibody was added 

to the pre-cleared supernatant and incubated overnight at 4°C with gentle shaking. 10 μl 

Protein G-coupled agarose beads were incubated with the lysate for an additional 4 h. After 

a 5 min centrifugation at 3,000 x g, the supernatant was removed and the agarose beads were 

washed in PBS 3 times followed by boiling in Laemmli buffer prior to 1-dimensional or 2-

dimensional electrophoresis and western immunoblotting (see below).

One-dimensional PAGE and Western Blotting

Western blotting to probe for protein succination, tubulin and actin was performed as 

described previously [2]. In some cases, membranes were stripped with 62.5 mM Tris, pH 

6.8, containing 2% SDS and 0.7% 2-mercapto ethanol for 20 min at 65°C prior to reprobing. 

The MCID image analysis system (Imaging Research, INC., St. Catherines, Canada) was 

used to quantify band intensities by densitometry as previously described [22].

Two-dimensional Gel Electrophoresis

Isoelectric focusing on pI 4-7 11 cm and 17 cm strips or narrow range 4.7-5.9 11 cm strips 

and two-dimensional (2D) gel electrophoresis was performed as described previously [3]. 

The 2D gels were stained for protein using Sypro Ruby total protein stain (Invitrogen, Grand 

Island, NY) [3] or transferred onto PVDF membrane to detect protein succination by 

western blotting.
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Protein Identification by Mass Spectrometry

Maldi-Tof—Spots of interest on Sypro Ruby stained gels were identified on a UV 

transilluminator and excised after confirming location from duplicate gels which protein 

succination was detected after blotting. The excised spots were processed for analysis by 

washing the gel pieces twice in 25 mM ammonium bicarbonate in 5% acetonitrile, followed 

by dehydration with 100% acetonitrile [2]. Trypsin digestion was carried out overnight at 

37°C in the presence of 1.5 ng sequence grade modified trypsin in 25 mM ammonium 

bicarbonate. The samples were desalted on C18 Zip-Tips (Millipore, MA) and peptides were 

eluted with 1.5 μl of 5 mg/ml α-cyano 4-hydroxycinnaminic acid in 50% acetonitrile/0.1 % 

TFA directly onto a MALDI plate insert. The peptides were analyzed on a Bruker Daltonics 

Ultraflex MALDI TOF-TOF (Bremen, Germany) as described [6]. Protein identification was 

performed using Mascot software (Matrix Science, London, UK).

Lc-Ms/Ms—Tubulin bands were excised from gels after staining with Coomassie Brilliant 

Blue. The gel bands were washed and the protein was digested with trypsin as described 

above. After desalting and recovery of the peptides on C18 Zip-Tips, the samples were 

analyzed by LC-MS/MS on a Waters Quadrupole-Time of Flight API US. Peptides were 

separated by nano LC on an Agilent 1100 NanoLC pump at a flow rate of 500 nl/min. The 

column was a Zorbax 300SB-C18, 3.5 μm particles (150 mm × 100 μm ID). Solvent A 

consisted of 95% water/5% acetonitrile with 0.1% formic acid and Solvent B contained 

100% acetonitrile with 0.1 % formic acid. The mobile phase gradient started at 10 % B held 

for 10 minutes and then ramped to 50% B over 50 min. The gradient was then ramped to 

80% B over the next 30 min. MassLynx software was used to generate peak list files (pkl) 

which were submitted to Mascot (http://www.matrixscience.com, Matrix Science, London, 

UK) for protein identification from the MS/MS data.

Identification of Succinated Cysteines in Tubulin by LC-MS/MS

The excised gel bands containing purified porcine tubulin which had been incubated in 0, 

0.1, 0.5, 1, 5 or 50 mM fumarate or in 500 μM DMF for 24 h at 37°C were processed for MS 

after washing as described above. The protein was reduced with 10 mM dithiothreitol and 

alkylated with 170 mM 4-vinylpyridine followed by digestion in 50 mM ammonium 

bicarbonate buffer containing 2 pmol of Promega sequencing grade modified trypsin 

(Promega, Madison, WI). The digested samples were analyzed on a Dionex Ultimate 3000-

LC system (Thermo Scientific, Rockford, IL) coupled to a Velos Pro Orbitrap mass 

spectrometer (Thermo Scientific, Rockford, IL). A 75-μm C18 stationary-phase LC column 

was used with a 60 min gradient from 2% acetonitrile in 0.1% formic acid (solvent A) to 

70% solvent A and 30% solvent B (60% acetonitrile containing 0.1% formic acid). The 

Orbitrap was operated in data-dependent MS/MS analysis mode and excluded all ions below 

200 counts. An inclusion list was used to monitor select pyridylethylated and succinated 

tryptic peptide masses of interest for CID-MS/MS analysis. The data-dependent and CID-

MS/MS data were analyzed in Proteome Discover 1.4 Software and sequenced manually 

using Xcalibur 2.2 Software to confirm the modified peptides. The variable modifications of 

methionine oxidation (Mox), cysteine pyridylethylation (CPE, 105.058), cysteine succination 

(C2SC) by fumarate (116.011) or DMF (144.042) were considered. The combined charged 

states observed for succinated peptides were normalized to a robust internal standard peptide 
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(YLTVAAVFR, [M+2H]2+ 520.2993) to determine the relative abundance of the succinated 

peptides.

Quantification of 2SC by Gas Chromatography - Mass Spectrometry (GC-MS/MS)

The procedure was adapted from previously described methods with minor modifications [1, 

2]. Purified porcine brain tubulin (Cytoskeleton, Inc., Denver, CO) was resuspended in 0.2 

M phosphate buffer, pH 7.4, containing 100 μM DTPA. Duplicate samples (500 μg tubulin) 

were incubated for 24 h at 37°C in the presence of either 50 mM fumarate or 500 μM DMF. 

Tubulin was precipitated by addition of an equal volume of cold 20% trichloroacetic acid, 

followed by centrifugation at 1,000 x g for 10 min at 4°C. Pellets were hydrolyzed in 6M 

HCl containing 0.5 nmol 13C3,15N-2SC, and 100 nmol d8-lysine internal standards for 16 h 

at 110°C. The dried sample was resuspended in 1 ml 1% trifluoroacetic acid (TFA) and 

applied to a C-18 Sep-Pak column (Waters, MA) before elution with 1% TFA/20% 

methanol. The eluate was dried in vacuo and the residual amino acids were converted to 

their N,O-trifluoroacetyl methyl ester (TFAME) derivatives for GS/MS analysis as 

previously described [1, 2]. Quantification was performed by isotope-dilution mass 

spectrometry based on standard curves.

In Vitro Polymerization of Porcine Brain Tubulin

The effects of different concentrations of fumarate or DMF on tubulin polymerization were 

assessed by an adaptation of the method described by Bonne et al. [23], which measures the 

increase in fluorescence of 4′,6-diamidino-2-phenylindole (DAPI) when incorporated into 

polymerizing tubulin. Purified porcine brain tubulin (Cytoskeleton, Inc., Denver, CO) was 

dissolved in 80 mM Pipes, pH 6.9 containing 0.5 mM EGTA, and incubated with 500 μM, 1 

mM, 5 mM or 50 mM fumarate, or 100 μM, 500 μM or 1 mM DMF for 6 or 24 h at room 

temperature in black 96 well, half area plates. Plates were incubated on ice for 10 min and 

polymerization initiated by addition of 80 mM Pipes, pH 6.9, containing 2 mM MgCl2, 15% 

glycerol, 1 mM GTP and 15 μM DAPI with mixing and incubation at 37°C in a plate reader 

(Tecan Safire2, TECAN Systems Inc., San Jose, CA). Kinetic measurements were 

performed (1 per minute for 2 h, at 350 nm excitation/430 nm emission). For data display, 

each individual measurement was separated into 10 min intervals that were averaged to 

obtain a single value for that period (Figure 4). In addition, the readings at t= 90 min were 

used to compare the effects of the compounds versus untreated tubulin. For the experiments 

designed to test the effects of microtubule associated proteins (MAPs; Cytoskeleton, Inc., 

Denver, CO) on tubulin polymerization, the ratio of tubulin to MAPs was 97:3 (w/w), and 

the concentration of glycerol was reduced to 5% to avoid disturbances of the tubulin-MAPs 

interactions. Further analysis of free sulfhydryl groups, western blotting and mass 

spectrometry in the samples was performed as described below.

Purification and Polymerization of Mouse Brain Tubulin

In vitro polymerization of mouse brain tubulin was performed according to a previously 

described protocol, with minor modifications [24]. Briefly, frozen whole brains from control 

mice (see Mouse Tissue Preparation) were reduced to a powder with a pestle in a mortar 

containing liquid nitrogen. The pulverized brains were then resuspended in cold Mes/
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glutamate buffer (0.1 M Mes, pH 6.8, containing 0.5 mM MgCl2, 1 mM EGTA, 1 M 

glutamate, 1 mM DTT and a protease inhibitor cocktail), in a volume ratio of 1:1.5 

(powder:buffer). The suspension was pulse sonicated at 2 watts using a Model 100 sonic 

dismembrator (Fisher Scientific, Fair Lawn, NJ) for 5 intervals of 10 s. The total protein 

homogenate (H) was then centrifuged at 30,000 x g at 4°C for 15 min to remove cell debris 

(first pellet, P), and the supernatant (S) was subjected to polymerization by addition of 20 

μM taxol and 1 mM GTP, followed by incubation for 30 min at 37°C. Following further 

centrifugation at 30,000 x g for 30 min at 37°C, the supernatant (SM) was removed, and the 

microtubular pellet was washed by resuspension with Mes/glutamate buffer containing 

0.35M NaCl and 20 μM taxol, to remove loosely bound proteins. A purified microtubular 

pellet (M) was obtained by centrifugation at 30,000 x g for 30 min at 37°C. Both P and M 

fractions were resuspended in a mix of 50% RIPA buffer/50% PBS. All the fractions were 

kept at -70°C until use. Protein loading from each fraction for SDS-PAGE was performed on 

a volume basis using the equivalent of 3 μg protein from the initial H fraction.

Determination of Free Sulfhydryl Groups in Tubulin after Polymerization

Free sulfhydryl content was determined according to the 5,5′-dithiobis(2-nitrobenzoic acid) 

(DTNB) method, as described by Aitken and Learmonth [25]. The samples (see In Vitro 

Polymerization of Brain Porcine Tubulin) were diluted in 6 M guanidinium chloride 

prepared in 0.1 M phosphate buffer, pH 8.0, then added in triplicates to a 96-well plate (25 

μg tubulin/well) and an initial reading at 412 nm was taken in a plate reader (Tecan Safire2, 

TECAN Systems Inc., San Jose, CA). DTNB solution was added to the wells (0.25 mg/ml), 

the plate was mixed and incubated for 30 min at room temperature and a final reading was 

taken. Calculations were made subtracting the initial reading from the final reading, 

correcting with the blank, and considering E412 = 14150 cm-1M-1 and a path length of 0.5 

cm.

Cell Proliferation Assay

Cell proliferation of 3T3-L1 fibroblasts was assessed after treatment with different 

concentrations of DMF, using a CyQUANT® Cell Proliferation Assay Kit (Invitrogen, 

Grand Island, NY). Cells were plated in 24-wells plates at a density of 10,000 cells per well, 

and allowed to attach and proliferate for 24 h. 10 μM, 50 μM, 100 μM, or 500 μM DMF 

prepared in fresh DMEM was added to treatment wells. After an additional 24 h incubation 

period, cells were observed under the microscope for gross morphological changes, media 

was removed, and cells were gently rinsed with PBS and then frozen and kept at -70°C until 

assay. To assess cellular proliferation the DNA content was measured using the 

CyQUANT® Cell Proliferation Assay (Invitrogen) according to manufacturer's instructions. 

Values were converted to μg of DNA based on the standard curve obtained.

Statistical Analysis

Data are summarized throughout as mean ± standard error and are plotted using SigmaPlot 

11 software (Systat Software, Inc. San Jose, CA) and Prism 4 (GraphPad Software, La Jolla, 

CA). Statistical analyses were performed using SigmaPlot 11 and Prism 4. Differences 
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between groups were analyzed using one way ANOVA with the Student-Newman-Keuls 

post-test.

Results

We have previously detected a significant increase in succination on a protein of ∼ 50 kDa 

both in adipocytes grown in high glucose/high insulin medium and in the adipose tissue of 

type 2 diabetic mice [2-5]. However, this increase in succination was not observed in 

skeletal muscle of type 2 diabetic mice [5]. To confirm and extend our previous results, we 

examined protein succination in 3T3-L1 adipocytes and in C2C12 myotubes cultured in both 

normal and high glucose concentrations. The anti-2SC antibody detected multiple bands in 

all lanes (Figure 1A), with significant increases only in the adipocytes cultured in high 

glucose at both 4 and 8 days. A prominent band of ∼50 kDa showed increases in 2SC 

content when the cells were cultured in 30 mM glucose (Figure 1A, lanes 3 and 4 vs. 1 and 2 

for 4 days; lanes 7 and 8 vs. 5 and 6 for 8 days). In contrast, the intensity of the ∼50 kDa 

band in C2C12 myotubes did not increase in 25 mM vs. 5 mM glucose (Figure 1A, lanes 11 

and 12 vs. lanes 9 and 10). The blot was stripped and reprobed with an anti-actin antibody; 

notably the actin content was higher in C2C12 myotubes (∼42 kDa, Figure 1B, lanes 9-12 

vs. lanes 1-8). The blot was also reprobed with an anti-β-tubulin antibody, yielding a band at 

∼50 kDa that corresponded to the molecular weight of the prominent 2SC band (Figure 1C). 

Coomassie staining of the blot (Figure 1D) indicated that actin (∼42 kDa) is more abundant 

than other proteins, especially in the C2C12 myotubes, suggesting that the accumulation of 

the 2SC modification is not related to protein abundance but is instead specific to certain 

proteins with reactive thiols.

2D-PAGE separation was employed to further study the succinated ∼50 kDa region in 

C2C12 cells cultured in 25 mM glucose. The anti-2SC antibody detected a series of spots 

resolved at ∼50 kDa, with isoelectric points ranging ∼ 4.5 - 5.0 (Figure 2A). The 

Coomassie staining of the blot (Figure 2B) showed several proteins and confirmed that the 

heavily succinated protein (Figure 2A, ∼50 kDa) was not the most abundant protein (Figure 

2B, ∼42 kDa). After spot picking from a duplicate gel stained with Sypro Ruby (Figure 2C) 

the succinated protein spots at ∼50 kDa were identified as β-tubulin by MALDI-TOF mass 

spectrometry (Table 1). To confirm this data, C2C12 cells extracts were immunoprecipitated 

with an anti-β-tubulin antibody and immunoblotted with anti-2SC antibody. The 

immunoprecipitated tubulin reacted strongly with the 2SC antibody (Figure 2D, middle 

panel) and this band was also reactive for β-tubulin (actual MW 55 kDa, Figure 2D, third 

panel). The most abundant Coomassie spots in the C2C12 cells (∼42 kDa, Figure 2B) were 

confirmed to be actin by mass spectrometry (data not shown).

2D-PAGE analysis was also used to resolve the ∼50 kDa region in 3T3 adipocytes grown in 

30 mM glucose. In agreement with the 1D blot (Figure 1A) protein succination was 

increased on several proteins, corresponding to a larger number of succinated spots (Figure 

3A). Figure 3B focuses on a region of Figure 3A (boxed) containing proteins ∼50 kDa and 

the isoelectric points 4.4 to 5.0. The upper 2SC panel highlights the major succinated 

proteins and these were matched to several Sypro Ruby spots in a duplicate gel (solid and 

dashed circles). Reprobing the blot with antibodies against α- and β-tubulin and matching 
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with the 2SC blot suggested that both α-tubulin (dashed circle) and β-tubulin (solid circle) 

were the succinated proteins (Figure 3B, lower panels). This was confirmed after excision of 

the spots and identification of several α- and β-tubulin isoforms by LC-MS/MS (Table 2). 

The other abundant succinated spot on the far left (*, 2SC panel, Figure 3B) was confirmed 

to be Protein Disulfide Isomerase (data not shown) and is the subject of other investigations 

in our laboratory. As with the C2C12 cells, immunoprecipitation of β-tubulin from 3T3 cell 

lysates and subsequent 2SC probing confirmed that β-tubulin was succinated (Figure 3C). 

To extend these observations to the adipose tissue of diabetic mice, we used mesenteric fat 

extracts from db/db mice. As shown in Figure 3D and E, 2D-PAGE separation (pI 4.7-5.9) 

of immunoprecipitated β-tubulin confirmed its succination in the adipose tissue of the 

diabetic db/db mouse.

Considering that tubulin isoforms are targets of succination both in vitro and in vivo, we 

proposed that succination may affect tubulin polymerization. To test this hypothesis, we 

examined the in vitro polymerization of purified porcine brain tubulin (as tubulin is an 

abundant protein in the brain and purified porcine tubulin is readily available). Porcine 

tubulin was incubated with different concentrations of fumarate or the more reactive 

fumarate ester, dimethylfumarate (DMF). As shown in Figure 4A, preincubation of tubulin 

with fumarate for 24 h (range of concentrations: 500 μM to 50 mM) lowered tubulin 

polymerization in statistically significant manner at 50 mM (35% decrease, p<0.05, n=3, 

Figure 4B); decreased polymerization at 5 mM fumarate was also observed, although this 

did not reach statistical significance (Figure 4B). The preincubation of tubulin with DMF for 

6 h (100 μM - 1 mM) reduced tubulin polymerization (Figure 4C), with significant 

reductions at 500 μM and 1 mM. Incubation of tubulin with 500 μM DMF for 24 h inhibited 

tubulin polymerization by 59% (Figures 4A and 4B, p<0.001). Incubation for 24 h with 500 

μM 4-hydroxynonenal prevented tubulin polymerization in a similar manner to DMF 

treatment (positive control, data not shown). Microtubule associated proteins (MAPs) are 

known to favor the incorporation of tubulin dimers into microtubules, as they are basic 

proteins able to interact with the negatively charged C-terminal tails of tubulin (CTT) [26]. 

As succination in the presence of 50 mM fumarate decreased tubulin polymerization by 

increasing the negative charge of tubulin, we hypothesized that the additional presence of 

MAPs might overcome this effect. A global positive effect of MAPs on tubulin 

polymerization was observed (Figure 4D, p<0.001 for No MAPs vs. MAPs comparison); 

furthermore, MAPs enhanced tubulin polymerization of succinated tubulin to levels that 

were approximately equal to control tubulin (Figure 4D, NS for control + MAPs vs. 50 mM 

fumarate + MAPs). This was in clear contrast with tubulin subjected to polymerization in the 

absence of MAPs (Figure 4D, p<0.01 for control vs. 50 mM fumarate).

We also analyzed the 2SC content of porcine brain tubulin by GC-MS/MS after incubation 

with 50 mM fumarate or 500 μM DMF for 24 h at 37°C. As shown in Table 3, the levels of 

2SC (mmol/mol Lys) increase ∼47-fold in the presence of 50 mM fumarate, and ∼2000-

fold when incubated with 500 μM DMF. The DTNB assay was used to quantify the number 

of free sulfhydryl groups in porcine brain tubulin after modification by fumarate or DMF. Of 

the 20 –SH groups in the tubulin dimer ∼12 were detected and incubation with fumarate 

(500 μM to 50 mM) did not result in a detectable loss of these thiol groups (Figure 4E). 
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However, incubation of tubulin in DMF resulted in ∼25% reduction in thiol content at 500 

μM and 1 mM concentrations (p<0.05, Figure 4E). Proteomic analysis of tubulin 

modification by DMF revealed that 11 of the 20 total cysteines in the dimer were succinated; 

including Cys 295, 315, 316, 347 and 376 in α-tubulin and Cys 12, 127, 129, 239, 303 and 

354 in β-tubulin (Table 4).

Our anti-2SC antibody indicates that mouse brain tubulin has a significant level of basal 

endogenous succination. We investigated if this basal succination of tubulin present in 

normal mouse brain extracts could alter its ability to polymerize in the presence of taxol. 

Figure 4F shows that most of the succinated tubulin (upper panel), α-tubulin (middle panel) 

and β-tubulin (lower panel) initially present in the total protein homogenate (H) appeared in 

the first supernatant (S) as unpolymerized tubulin, with only a small polymerized fraction 

present in the pellet (P) after centrifugation. When S was subjected to polymerization in the 

presence of taxol, the majority of succinated α- and β-tubulin was pulled down into the 

microtubular pellet (M), as no immunoreactive bands were detected in the supernatant after 

polymerization (SM). These results indicate that endogenous levels of tubulin succination do 

not interfere with tubulin polymerization in the presence of taxol. Considering that many 

tubulin modifications including acetylation are present on stable, long-lived axons [7], we 

initially hypothesized that succinated tubulin would be present at higher levels in stable 

microtubules in vivo. To test this, we examined protein homogenates from control mouse 

brain (containing less stable microtubules from neuronal bodies) vs. sciatic nerve (more 

stable microtubules from axons). Increasing amounts of sciatic nerve protein (10-40 μg) 

were compared with 10 μg of brain protein. We observed that 20μg of sciatic nerve 

homogenate was equivalent to 10 μg of brain homogenate in the total tubulin content (Figure 

4G, α-tubulin, β-tubulin and Coomassie panels). Succination was abundant in 10 μg of brain 

homogenate when compared to an equivalent (or greater) amount of tubulin in the sciatic 

nerve (Figure 4G, 2SC panel), indicating that succination is more prominent in the more 

dynamic microtubules of the brain than in stable microtubules from axons of the sciatic 

nerve.

Purified porcine brain tubulin which had been incubated with fumarate and subjected to 

polymerization (Figure 4B) was next separated by PAGE. Increased succination was evident 

for 0.5-50 mM fumarate treated samples vs. unmodified control tubulin (2SC panel, Figure 

5A). Notably, reprobing this blot with anti-α-tubulin B-7 demonstrated a loss of 

immunoreactivity at high fumarate concentrations; however, a Coomassie stain of total 

protein content demonstrated equal protein loading (α-tubulin and Coomassie panels, Figure 

5A). Densitometric analysis of the bands indicated that the reduction in α-tubulin 

immunoreactivity was significant at 1, 5 and 50 mM fumarate (p<0.05, p<0.001 and 

p<0.001 vs. untreated control, respectively, Figure 5B). This strongly suggested that 

increased modification by fumarate prevented binding of this α- tubulin antibody. In 

addition, reprobing with anti-β-tubulin TUB2.1 also indicated some reduction in 

immunoreactivity, which was significant at 5 and 50 mM fumarate (p<0.001 vs. untreated 

control; β-tubulin vs. Coomassie panel, Figure 5A and Figure 5B). The anti-2SC antibody 

does not recognize the DMF succinated moiety without prior removal of the ester group 

[27]; therefore these samples were not analyzed by western immunoblotting. Non-confluent 
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3T3 fibroblasts were incubated in 5 mM glucose with an addition of 10 – 500 μM DMF for 

24 h. The DNA content of the proliferating cells was significantly reduced in 50, 100 and 

500 μM DMF (p<0.001, Figure 5C). Figure 5D (upper panel, 2SC) shows that 24 h 

incubation with 50 mM fumarate increased the content of several succinated proteins in 3T3 

fibroblasts, including a ∼50 kDa band (dashed line). When the same blot was reprobed with 

anti α-tubulin B-7, the intensity of the band decreased, confirming the in vitro results with 

purified brain tubulin (Figure 5A and B). We again examined tubulin succination and α- and 

β-tubulin levels in the 30 mM vs. 5 mM glucose treated adipocytes after 8 days. As shown in 

Figure 5E, incubation of adipocytes in 30 mM glucose increased succination of the ∼50 kDa 

band and at the same time decreased the B-7 antibody detection of α-tubulin; however 

Coomassie staining of the blot showed equal loading. Quantification of the bands showed a 

significant decrease of the α-tubulin band (p<0.01, Figure 5F), again suggesting that 

succination of tubulin blocks the binding capacity of this anti-α-tubulin antibody.

We used high resolution mass spectrometry to identify the sites of succination in the porcine 

brain tubulin samples that were incubated with increasing concentrations of fumarate (see 

previous Figure 4A and B, Figure 5A). Cys12 was the primary site of succination in β-

tubulin (sequencing of tryptic peptide containing Cys12β in 5mM fumarate is shown, Figure 

6B). Unmodified cysteines were detected as pyridylethylated cysteines in control 

unmodified tubulin (Figure 6 A and C). A relative increase in succination at Cys 12β and 

also at Cys 303β was detected in 1 mM, 5 mM and 50 mM fumarate (Figure 6E). We also 

identified Cys347α as a prominent site of succination in α-tubulin (Figure 6D), and 

increased levels of 2SC were detected in 1, 5 and 50 mM vs. unmodified control tubulin 

(Figure 6F). Cys376 of α-tubulin was also succinated; however this was only detected in the 

50 mM fumarate incubation (Figure 6F).

Finally, after identifying the primary sites of succination in both α- and β-tubulin, we re-

evaluated the change in immunodetectability of succinated tubulin with antibodies targeting 

different sequences in the structure of both subunits. Figure 7 confirms that the B-7 antibody 

again detected lower amounts of α-tubulin when the protein was incubated with 50 mM 

fumarate compared to control tubulin; according to the manufacturer this antibody was 

raised using a peptide that contained both Cys347α and Cys376α. However, the decrease in 

immunoreactivity is barely observed for DM1A, an antibody that targets a region 

surrounding Val 440α (Figure 7). Regarding β-tubulin, we again observed a decrease in the 

detectability of succinated tubulin by TUB2.1 (Figure 7); the antigen for this antibody is in a 

region containing Cys303β [28]. In contrast, no change in detection of succinated β-tubulin 

was observed when D65A4 was used, consistent with the manufacturer's confirmation that 

the antibody was not raised against regions containing either Cys12β or Cys303β (Figure 7). 

In addition, the less specific polyclonal antibody ATN02, designed to target multiple 

epitopes in both α- and β-tubulin, was unable to detect changes in tubulin immunoreactivity 

according to the succination state of the protein (Figure 7).

Discussion

We have previously described an increase in protein succination in adipocytes grown in high 

glucose medium and have confirmed the identity of ∼40 of these proteins [2, 29]. In the 
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current study, we identified a prominent succinated protein ∼50 kDa that is increased in 

adipocytes during exposure to high glucose medium (Figure 1A) and in the adipose tissue of 

type 2 diabetic mice [2, 5]. This succinated band was also prominent in mouse skeletal 

muscle, heart, testes and lungs [5] and in C2C12 myotubes (Figure 1A), but the level of 

endogenous succination did not change in these tissues during diabetes [5]. This suggests 

that the metabolic characteristics of different cell types have a role in the degree of protein 

succination [4]. The limited succination in the C2C12 myotubes provided a useful model to 

further investigate the nature of the succinated ∼50 kDa protein. We now confirm the 

identification of this protein in myotubes (Table 1, Figure 2D) and adipocytes (Table 2, 

Figures 3C-E) as both α- and β-tubulins, adding this novel modification to the other 

documented PTMs of the αβ tubulin dimer. In addition, we confirm that tubulin succination 

is an abundant modification in the healthy (control) brain (Figure 4G), in part due to the 

abundance of tubulin in the brain, but notably it was not as prominent in the axonal 

microtubules axons of the sciatic nerve (Figure 4G). These are generally considered to be 

more stable microtubules than those found in neuronal cell bodies [30, 31] and suggests 

there is some selectivity in the microtubule regions that are most succinated. Selective 

succination of more dynamic tubulins may be linked to the role of this modification in the 

central nervous system.

Tubulin succination appears to be a specific event as succination is not necessarily targeted 

to the most abundant proteins in the samples. In fact, actin (∼42 kDa) is more prominent 

than tubulin (∼50 kDa) in the myotubes compared to adipocytes (Figure 1B and 1D) and it 

has free thiols, yet succination is clearly more abundant on tubulin in these samples (Figures 

1 and 2). In other work [29, 32] we have described that fumarate most likely reacts with low 

pKa thiols, and that their reactivity will also be affected by their accessibility on the protein. 

The reactivity of some tubulin thiols towards various sulfhydryl agents has previously been 

examined [16, 17, 20] and many of the documented sites of succination are similar to those 

we have identified in this study (Figure 6, Table 4), confirming that exposed or low pKa 

thiols are most reactive with fumarate. Protein modification by fumarate generates a stable 

thioether adduct which, like the 4-HNE modification, is likely enzymatically irreversible and 

cumulative with the life of the protein.

Fumarate had a limited but significant effect on reducing tubulin polymerization in vitro and 

it will be important to determine if lower fumarate concentrations altered microtubule length 

when succinated tubulin is incorporated into microtubules in future studies. Other 

electrophilic reagents have been previously used to modify the cysteine residues of tubulin. 

For example, iodoacetamide (50:1 molar ratio to tubulin) blocked 10 out of 20 –SH groups 

of the tubulin dimer; however no effect on polymerization was described in this report [20]. 

In addition, N-ethylmaleimide (NEM), another electrophilic agent that reacts with cysteine 

residues generating an uncharged product, was also used to target –SH groups of tubulin 

[17]. At 1:1 and 4:1 ratios to tubulin, NEM blocked tubulin polymerization by 71% and 

100%, respectively. In that same study, MAPs only partially abolished NEM effect on 

tubulin polymerization (at NEM to tubulin 1:1 ratio), or had no effect (at NEM to tubulin 4:1 

ratio). When we used the much less reactive electrophile fumarate at 50 mM, we observed a 

35% decrease in tubulin polymerization that was abolished in the presence of MAPs, 
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confirming that fumarate is less reactive than iodoacetamide and NEM, however, it is a 

physiologically relevant endogenous electrophile that is clearly capable of basal succination 

in vivo. The increase in succination observed in certain (patho)physiological states 

(adipocyte in diabetes) may alter tubulin polymerization in vivo. In contrast, our study 

showed that 500 μM dimethylfumarate (DMF), effectively reduced tubulin polymerization 

by 59%, demonstrating the stronger reactivity of the fumarate ester with cysteine residues 

compared to fumarate.

It is remarkable that in vitro succination decreased the affinity of the anti α-tubulin B-7 (and 

to a lesser degree the anti β-tubulin TUB2.1) antibodies for the protein (Figure 5A and B), 

while it did not affect the ability of other antibodies to detect tubulin (Figure 7). The ability 

of succination to interfere with antibody recognition of specific epitopes suggests that 

succination of certain cysteines may significantly affect the ability of tubulin to associate 

with other proteins. While our polymerization assays using fumarate-treated tubulin in the 

presence of MAPs (Figure 4D) indicate that the interactions of tubulin with MAP1/2 and 

Tau are unaltered by succination, we cannot rule out a possible disruption of tubulin 

association with other proteins, including molecular motors as dynein and kinesin. 

Considering that the C-terminal tail is essential for MAP1/2 interaction then it is conceivable 

that succination may not alter the interaction of these proteins. Other tubulin post-

translational modifications including acetylation, tyrosination and polyglutamylation have 

been associated with increases in both microtubule stability and microtubule affinity for the 

molecular motors dynein and kinesin [33, 34]. Many of these modifications are found on the 

CTT and have been proposed to form a ‘tubulin code’ that may alter the trafficking of cargo 

along microtubules [34], however, the kinesins and dynein can still associate with tubulin 

and move along the microtubule even in the absence of the CTT [34], suggesting that 

interactions with other regions of tubulin also have a role. The α-tubulin monoclonal 

antibody B-7 that we used initially was raised against amino acids 149-448 of α-tubulin of 

human origin, a portion of the protein which contains 8 cysteine residues, including several 

residues that have been documented to react rapidly with other thiol modifying agents 

(Cys305, Cys315, Cys316, Cys347, and Cys376) [20]. We identified succinated Cys347α in 

1, 5 and 50 mM fumarate incubations, concentrations that all demonstrated significant 

reductions in anti-α-tubulin recognition, and succinated Cys376α in 50 mM fumarate 

(Figure 6). Cys347α has been documented to be the most reactive exposed cysteine [20] and 

is also the primary target for tubulin modification by isothiocyanates [35], which may 

explain the reduced antibody immunoreactivity. Our results strongly suggest that Cys347α 

forms part of the epitope recognized by this α-tubulin antibody and in future work it will be 

important to determine if succination at this site alters interactions between tubulin and other 

proteins. Succination of Cys376α was only observed at 50 mM fumarate, however, this 

cysteine is nearly buried but is documented to be modified by palmitoylation [36, 37]. The 

maximum fumarate concentration endogenously produced is ∼5 mM as detected in fumarate 

hydratase deficient fibroblasts in which succination of proteins is significantly increased 

[38]. Therefore, our data indicating significant modification at both 1 and 5 mM fumarate 

(Figure 6) has important physiological implications as we have previously shown that 

fumarate levels increase up to 5-fold in adipocytes exposed to 30 mM (high) glucose vs. 5 

mM glucose [2], and anti-α-tubulin immunoreactivity was also reduced in these 30 mM 
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glucose treated adipocytes (Figure 5 E and F). Overall, the observation that tubulin:antibody 

interactions are altered as a result of succination, combined with the evidence that 

succination is predominant on dynamic versus axonal microtubules has important 

implications for the role of this modification in intracellular organelle trafficking.

In addition to α-tubulin, we also observed that succination was increased on Cys12 and 

Cys303 of β-tubulin (Figure 6). Cys12β is involved in GTP binding, as indicated by 

photoaffinity labeling experiments [39]. Our finding that Cys12β is succinated when 

fumarate levels are elevated raises the interesting possibility that succination could affect 

GTP binding and thus interfere with the normal microtubule dynamics, as recently shown 

for the natural product derivative bis(4-fluorobenzyl)trisulfide that also binds to Cys-12β 

[40].

In the present study, we also used the reactive fumarate ester DMF as an alternative to assess 

the effects of succination on tubulin polymerization. This compound was approved in the 

US in 2013 for the treatment of multiple sclerosis after proving beneficial in clinical trials 

[41]. To date, the primary mechanism of action for DMF has been proposed to be linked to 

the activation of the transcription factor Nrf2 via modification of Keap 1, consequently 

increasing the intracellular antioxidant response [42]. In addition, DMF has been 

demonstrated to react rapidly with intracellular glutathione pools, requiring the cell to 

produce more glutathione as part of the antioxidant response [43-45]. Our novel data 

demonstrates for the first time that DMF, at concentrations similar to those currently 

prescribed in oral medications [46, 47], also reacts specifically with cysteine residues on 

tubulin reducing its ability to polymerize (Figure 4C). We specifically demonstrated by 

proteomic analysis that as many as 11 of the 20 cysteines in αβ -tubulin were succinated by 

DMF (Table 4), including the documented sites modified by fumarate (Figure 6). In 

addition, micromolar treatment of proliferating fibroblasts with DMF significantly lowers 

the DNA content of these cells (Figure 5C). We propose that inhibition of tubulin 

polymerization by DMF may be a novel and important alternative mechanism of action that 

contributes to reduced inflammatory cell proliferation after fumarate ester treatment. 

Gastrointestinal (GI) discomfort is the most common side effect of DMF treatment resulting 

in discontinued use for some patients. Our results suggest that, similar to the anti-

proliferative effects of chemotherapeutic agents on the GI tract, DMF may inhibit cellular 

proliferation by interfering with microtubule dynamics; providing an explanation for the GI 

discomfort and warranting further studies on its effects on fetal growth during pregnancy 

[48]. Several other recent reports suggest a putative anti-proliferative effect of fumarate 

esters [49-51] and an anti-angiogenic effect has also been described in endothelial cells [52]. 

Our data suggests that this could be attributed in part to the inhibitory actions of this drug on 

tubulin polymerization.

In conclusion, we demonstrate that succination is a novel tubulin modification and propose 

that endogenous increases in fumarate levels may alter the interaction of tubulin with other 

proteins. We also show that reactive alkylfumarates may limit microtubule dynamics by 

inhibiting polymerization; defining an alternative mechanism of action for these compounds 

and highlighting their potential utility as anti-cancer therapeutics.
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DMEM Dulbecco's modified Eagle's medium

DTPA diethylenetriaminepentaacetic acid

FBS fetal bovine serum

MALDI-TOF Matrix-assisted laser desorption ionization-time of flight

PTM post-translational modification
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Figure 1. 
High glucose medium increases succination on a ∼50 kDa band in adipocytes. (A) Total cell 

lysates (40 μg protein) from 3T3 adipocytes matured for either 4 days in 5 mM (lanes 1-2) 

and 30 mM glucose (lanes 3-4) or 8 days in the same conditions (lanes 5-6 and 7-8, 

respectively), and from C2C12 myotubes cultured in 5 mM (lanes 9-10) or 25 mM glucose 

(lanes 11-12) were separated by SDS/PAGE, and succinated proteins were detected using a 

polyclonal anti-2SC antibody, as described in Experimental, (B) reprobed with anti-actin, 

(C) reprobed with anti-β-tubulin. (D) Coomassie blue staining of the blot shown in (A), (B) 

and (C), indicating the region where actin (black arrow), β-tubulin (empty arrow) and the 

2SC labeled protein of interest were located. The actin content (∼42 kDa) is significantly 

higher in C2C12 myotubes compared to 3T3 adipocytes (B, D), whereas tubulin levels were 

similar in both cell types (C, D). Molecular masses of marker proteins are indicated on the 

left-hand side.

Piroli et al. Page 19

Biochem J. Author manuscript; available in PMC 2015 February 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
Tubulin is the primary succinated protein in C2C12 myotubes. (A) Protein (400 μg) from 

C2C12 myotubes cultured in 25 mM glucose was analyzed by 2D gel electrophoresis across 

a 4-7 pH range as described in Experimental. Blots were probed with an anti-2SC antibody 

to detect succinated proteins. (B) Coomassie blue staining of the blot shown in (A). (C) 

Duplicate gel stained with Sypro Ruby. The 2SC blot (A) was used as a reference to excise 

the corresponding gel spot and the protein was identified by MALDI-TOF MS (Table 1). 

Note that the prominent succinated protein (dashed oval) in (A) corresponds to a mid-

intensity protein spot both in the Coomassie (B) and the Sypro gel (C). Other prominent 

proteins in the Coomassie (B) and Sypro Ruby gel (C), including actin (∼42 kDa), were not 

detected in the 2SC blot (A). (D) Protein (500 μg) from C2C12 myotubes cultured in 25 mM 

glucose was immunoprecipitated with an anti β-tubulin antibody. After treatment of the 

agarose beads with Laemmli buffer, half of the sample was electrophoresed and stained with 

Coomassie blue (Coom) to detect immunoprecipitated tubulin. The remainder was 

electrophoresed and transferred prior to probing with an anti-2SC antibody (2SC), followed 

by stripping and confirmation of the identity of the protein with an anti β-tubulin antibody 

(β-tub). Molecular masses of marker proteins are indicated on the left-hand side.
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Figure 3. 
Tubulin succination in 3T3 adipocytes cultured in high glucose medium. (A-B) Protein (500 

μg) from 3T3 adipocytes grown in 30 mM glucose was analyzed by 2D gel electrophoresis 

across a 4-7 pH range. Duplicate gels were either transferred and immunoblotted with an 

anti-2SC antibody to detect succinated proteins (A, B-2SC), or stained with Sypro Ruby to 

observe total protein (B-Sypro). After detection of 2SC-modified proteins, the blot was 

stripped and probed sequentially with antibodies to α-tubulin (B-α-tubulin, dashed line) and 

β-tubulin (B-β-tubulin, solid line) in order to locate and excise the corresponding 2SC-

modified spots in the Sypro Ruby-stained gel for identification (see Table 2). The images 

shown in panel B correspond to the rectangular area highlighted in panel A. * denotes 

another ∼50 kDa succinated protein which was identified as Protein Disulfide Isomerase. 

(C) Protein (500 μg) from 3T3 adipocytes grown in 30 mM glucose was immunoprecipitated 

with an anti β-tubulin antibody. After treatment of the agarose beads with Laemmli buffer, 

half of the sample was electrophoresed and stained with Coomassie blue (Coom) to detect 

immunoprecipitated tubulin. The remainder was electrophoresed and transferred prior to 

probing with an anti-2SC antibody (2SC), followed by stripping and confirmation of the 

identity of the protein with an anti β-tubulin antibody (β-tub). (D-E) An adipose tissue 

extract (200 μg of protein) from db/db mice was immunoprecipitated with an anti β-tubulin 

antibody and analyzed by 2D gel electrophoresis across a 4.7-5.9 pH range (4.7-5.6 range is 

shown). The gel was transferred and probed with an anti-2SC antibody (D), followed by 
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stripping and confirmation of protein identity with an anti β-tubulin antibody (E). Molecular 

masses of marker proteins are indicated on the left-hand side.
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Figure 4. 
Tubulin polymerization is inhibited by dimethyl fumarate. (A) Purified porcine brain tubulin 

was incubated for 24 h with increasing concentrations of fumarate (Fum, 500 μM to 50 mM) 

or with 500 μM dimethyl fumarate (DMF) and subjected to polymerization as described in 

Experimental, n=3 for each treatment. (B) Quantification of the tubulin polymerization assay 

shown in (A) at time = 90 min. Both 50 mM Fum and 500 μM DMF significantly decreased 

tubulin polymerization. (C) Purified porcine brain tubulin was incubated for 6 h with 

increasing concentrations of DMF (100 μM to 1 mM) and subjected to polymerization as 

described in Experimental, n=2 for each treatment. (D) Quantification at time = 90 min of 

purified porcine brain tubulin polymerization in the absence (No MAPs) or presence 

(MAPs) of microtubule associated proteins (tubulin to MAPs ratio 97:3), after a 24 h 

preincubation without (Cont) or with 50 mM fumarate (Fum). (E) The number of sulfhydryl 

(-SH) groups in pure porcine brain tubulin after in vitro polymerization was determined by 

the DTNB method as described in Experimental. n=3-5. Fum, from 500 μM to 50 mM did 

not change –SH group content of tubulin, whereas DMF decreased the number of –SH 

groups in tubulin at 500 μM and 1 mM concentrations. (F) Succinated mouse brain tubulin is 

incorporated into microtubule polymers. Brain extracts from control mice were subjected to 

tubulin polymerization as described in Experimental. Fractions of the initial homogenate 

(H), the first pellet (P), the first supernatant (S), the microtubular pellet obtained after 

polymerization (M), and the supernatant of the microtubular pellet (SM) were loaded based 

on volume (equivalent to 3 μg of the initial H fraction), resolved by SDS/PAGE, and 

transferred to a PVDF membrane. A 2SC-modified band of ∼50 kDa was detected in H, and 

after the initial centrifugation was concentrated in S (upper panel). After polymerization, the 

reactivity was present in the pellet (M) but not in the supernatant (SM). The distribution of 
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2SC modified proteins in the different fractions correlates with both α-tubulin (middle 

panel) and β-tubulin (lower panel). (G) Succination of tubulin is increased in brain compared 

to sciatic nerve. Brain (10 μg prot) and sciatic nerve (10-40 μg prot) extracts from control 

mice were resolved by SDS/PAGE and immunoblotted with anti-2SC antibody, prior to 

stripping and reprobing with α-tubulin and β-tubulin antibodies. Coomassie staining is also 

shown. Molecular masses of marker proteins are indicated on the left-hand side. In (A), (B), 

(D) and (E), results are expressed as mean ± SE; in (C) results are shown as the average. *: 

p<0.05; **: p<0.01; and ***: p<0.001 vs. Control; #: p<0.001 vs. No MAPs.
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Figure 5. 
Tubulin succination alters antibody binding capacity. (A) Samples of purified porcine brain 

tubulin subjected to in vitro polymerization (1 μg in triplicates) were resolved by SDS/

PAGE and immunoblotted with anti-2SC antibody (2SC panel), and after stripping with α-

tubulin (α-tub panel) and β-tubulin (β-tub panel). Tubulin succination increased with 

fumarate (Fum) concentration, while Coomassie staining (Coom panel) showed even 

loading of the lanes. (B) Quantification of the optical density of α-tubulin and β-tubulin 

bands relative to the Coomassie staining in (A), showing that α-tubulin and β-tubulin 

immunoreactivity decreased with Fum concentration (* p<0.05; *** p<0.001 vs. Control). 

(C) The DNA content of 3T3 fibroblasts in culture in the absence or presence of different 

concentrations of dimethylfumarate (DMF, 10-500 μM) was assessed by a cell proliferation 

assay, as described in Experimental. 50 μM, 100 μM and 500 μM DMF significantly 

decreased DNA content (*** p<0.001 vs. Control). (D) 3T3 fibroblasts in culture were 

treated with 5 mM or 50 mM Fum for 24 h. Cell extracts (30 μg of protein) were resolved by 

SDS/PAGE, and immunoblotted with an anti-2SC antibody (upper panel), showing that 50 

mM Fum increased the intensity of several bands, including a ∼50 kDa protein (dashed 

line). After stripping, the same membrane was probed with antibodies against α-tubulin 

(middle panel) and β-tubulin (lower panel), showing a decrease in α-tubulin 

immunoreactivity. (E) Total cell lysates (20 μg protein) from 3T3 adipocytes matured in 30 

mM vs. 5 mM glucose (Gluc) for 8 days were separated by SDS/PAGE. Tubulin succination 

(2SC panel) was increased on the ∼50 kDa band, while Coomassie staining (Coom panel) 

showed equal loading of the lanes. (F) Quantification of the optical density of α-tubulin and 

β-tubulin bands relative to the Coomassie staining in (E), showing that α-tubulin 

immunoreactivity was decreased in cells grown in 30 mM vs. 5 mM glucose (α-tub panel; 
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** p<0.01 vs. Control). In (A), (D) and (E), molecular masses of marker proteins are 

indicated on the left-hand side. In (B), (C) and (F) results are expressed as mean ± SE, with 

n=4 (B) or n=3 (C, F).
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Figure 6. 
Cys347 and 376 on α-tubulin and Cys12 and 303 on β-tubulin are prominent sites of 

succination. Purified porcine brain tubulin samples incubated in 0, 0.5, 1, 5 or 50 mM 

fumarate for 24 h were resolved by SDS/PAGE and the tubulin bands at ∼50 kDa were 

excised and digested with trypsin prior to LC-MS/MS analysis as detailed in Experimental. 

(A) MS/MS sequencing showing pyridylethylation of Cys12β (CPE) in the peptide 

EIVHIQAGQCGNQIGAK in control unmodified tubulin. (B) MS/MS sequencing showing 

succination of Cys12β (C2SC) in the peptide EIVHIQAGQCGNQIGAK in tubulin treated 

with 5 mM fumarate. (C) MS/MS sequencing showing pyridylethylation of Cys347α (CPE) 

in the peptide RTIQFVDWCPTGFK in control unmodified tubulin. (D) MS/MS sequencing 

showing succination of Cys347α (C2SC) in the peptide SIQFVDWCPTGFK in tubulin 

treated with 5 mM fumarate. In all cases only the y ions have been labeled for visual clarity. 

Both the detected mass and the theoretical mass are listed for each peptide. (E) Relative 

quantification of the extent of succination in the peptides containing Cys12 and Cys303 in β-

tubulin and (F) Cys347 and Cys376 in α-tubulin were performed after normalization to the 

robust internal standard peptide YLTVAAVFR, ([M+2H]2+, 520.2993).
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Figure 7. 
Tubulin succination of specific residues decreases its immunoreactivity with tubulin 

antibodies. Samples of purified porcine brain tubulin (1μg in triplicates) incubated without 

(0) or with 50 mM fumarate (50) were resolved by SDS/PAGE and immunoblotted with 

anti-2SC antibody, stripped and subsequently probed with antibodies to (i) α-tubulin B-7; 

(ii) α-tubulin DM1A; (iii) β-tubulin TUB2.1; (iv) β-tubulin D65A4; and (v) αβ-tubulin 

ATN02; and finally stained with Coomassie blue. Note that the increase in succination in 50 

mM fumarate corresponds with a decrease in tubulin immunoreactivity for some antibodies 

(B-7 and TUB2.1), but not for others (DM1A, D65A4 and ATN02), while Coomassie 

staining showed equal loading of the lanes. Molecular masses of marker proteins are 

indicated on the left-hand side.
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Table 1

Summary of peptide mass fingerprinting data for all β-tubulin peptides identified, based on Mascot search 

results. Mox = oxidized methionines, Mr = average mass

Peptide Observed Mass Mr (expt) Mr (calc) Sequence

47-58 1301.94 1300.94 1300.63 R.ISVYYNEATGGK.Y

104-121 1959.24 1958.24 1957.97 K.GHYTEGAELVDSVLDVVR.K

242-251 1130.77 1129.76 1129.59 R.FPGQLNADLR.K

242-252 1258.89 1257.88 1257.68 R.FPGQLNADLRK.L

252-262 1287.92 1286.92 1286.72 R.KLAVNMoxVPFPR.L

253-262 1159.81 1158.8 1158.62 K.LAVNMoxVPFPR.L

263-276 1621.06 1620.05 1619.83 R.LHFFMPGFAPLTSR.G

263-276 1637.06 1636.05 1635.82 R.LHFFMoxPGFAPLTSR.G

310-318 1039.75 1038.75 1038.59 R.YLTVAAVFR.G

337-350 1697.07 1696.06 1695.83 K.NSSYFVEWIPNNVK.T

381-390 1245.79 1244.78 1244.59 R.ISEQFTAMoxFR.R
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Table 3
Levels of 2SC in purified porcine brain tubulin

Group 2SC
(mmol/mol Lys)

Control 0.227

50 mM Fum 10.814

500 μM DMF 495.255

Porcine brain tubulin (500 μg in duplicates) were incubated at 37°C for 24 h in phosphate buffer (pH 7.4) without any addition (Control) or with 50 
mM fumarate (Fum) or 500 μM dimethyl fumarate (DMF). Samples were then analyzed by GC-MS/MS as described in Experimental and 2SC 
levels were expressed as mmoles 2SC/mole lysine. Mean values are shown.
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Table 4

Succination sites (C2SC) of purified porcine brain tubulin after treatment with 500 μM dimethyl fumarate 

(DMF). Mox = oxidized methionine, PSMs = Peptide spectral matches.

Peptide Sequence Swiss Prot # Observed Mass Succination Site(s) PSMs

Tubulin alpha-1B peptides(Sus scrofa) F2Z5T5

 YMoxAC2SCCLLYR 1400.6012 C315 16

 YMAC2SCC2SCLLYR 1423.5927 C315, C316 1

 AYHEQLSVAEITNAC2SCFEPANQMoxVK 2853.3174 C295 8

 TIQFVDWC2SCPTGFK 1685.7911 C347 5

 AVC2SCMoxLSNTTAIAEAWAR 1967.9232 C376 16

Tubulin beta peptides (Sus scrofa) P02554

 EIVHIQAGQC2SCGNQIGAK 1909.9379 C12 5

 KEAESC2SCDC2SCLQGFQLTHSLGGGTGSGMoxGTLLISK 3629.6583 C127, C129 1

 LTTPTYGDLNHLVSATMoxSGVTTC2SCLR 2811.3481 C239 5

 NMMoxAAC2SCDPR 1168.4404 C303 15

 TAVC2SCDIPPR 1115.5402 C354 17
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