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Abstract
Protein thiol oxidation and modification by nitric oxide and glutathione are emerging as common
mechanisms to regulate protein function and to modify protein structure. Also, thiol oxidation is a
probable outcome of cellular oxidative stress and is linked to degenerative disease progression.
We assessed the effect of the oxidants hypochlorous acid and chloramines on the cytoskeletal
protein tubulin. Total cysteine oxidation by the oxidants was monitored by labeling tubulin with
the thiol-selective reagent, 5-iodoacetamidofluorescein, by reaction with Ellman’s reagent,
5,5′dithiobis(2-nitrobenzoic acid), and by detecting interchain tubulin disulfides by Western blot
under nonreducing conditions. Whereas HOCl induced both cysteine and methionine oxidation of
tubulin, chloramines were predominantly cysteine oxidants. Cysteine oxidation of tubulin, rather
than methionine oxidation, was associated with loss of microtubule polymerization activity and
treatment of oxidized tubulin with disulfide reducing agents restored a considerable portion of the
polymerization activity that was lost after oxidation. By comparing the reactivity of hypochlorous
acid and chloramines with the previously characterized oxidants, peroxynitrite and the nitroxyl
donor, Angeli’s salt, we have identified tubulin thiol oxidation, not methionine oxidation or
tyrosine nitration, as a common outcome responsible for decreased polymerization activity.
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Introduction
Extensive pathologic and cellular data has connected cumulative oxidative damage to
proteins with the development of Alzheimer’s disease, Parkinson’s disease and amylotrophic
lateral sclerosis.[1–4] For example, immunohistochemical studies detected high levels of
nitrotyrosine and protein carbonyls, two markers of oxidative damage to proteins, in
Alzheimer’s disease brain.[3,5] The markers were further localized to neurons containing
neurofibrillary tangles, a lesion characteristic of the disease. In addition to oxidative
damage, cytoskeletal abnormalities have been detected in Alzheimer’s disease brain.[6] In
neurons containing neurofibrillary tangles, the number of microtubules, composed of tubulin
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and microtubule-associated proteins, is reduced by 50%.[2] Cytoskeletal proteins like
tubulin and its associated proteins are likely targets for modification by oxidants because
they are among the most abundant proteins in a neuron.

Tubulin cysteine modifications including oxidation to disulfides, S-glutathionylation and S-
nitrosation, have been identified in several proteomics studies using cell lines and tissue
samples.[7–9] In both central nervous system and endothelial cells, tubulin S-
glutathionylation, a modification in which glutathione is attached to proteins via a mixed
disulfide, has been detected.[10,11] Using brain homogenates, Jaffrey et al. identified both
subunits of tubulin as targets for S-nitrosation.[12]

Our in vivo work with microtubule proteins shows that cysteine oxidation by peroxynitrite is
associated with a marked decrease in microtubule polymerization activity. Tubulin, a
heterodimer composed of similar 50 kDa α- and β-subunits, contains 20 reduced cysteines
(12 in α-tubulin and 8 in β-tubulin).[13,14] In neurons, tubulin constitutes 10–15% of total
cellular protein and tubulin thiols could be present in sufficiently high concentrations to
function as a redox buffer.[15,16] Because some tubulin cysteine oxidation (~1–2 mol cys)
by peroxynitrite is tolerated before microtubule polymerization is severely compromised,
microtubule protein thiols may be capable of protecting other cellular targets from oxidation.
[17,18] This hypothesis is reinforced by our published data showing that the disulfides in
tubulin and microtubule-associated proteins that are a result of peroxynitrite oxidation can
be repaired by both the thioredoxin and glutaredoxin reductase systems.[17,19]

Our current interest in the strong oxidant, hypochlorous acid (HOCl) stems from recent
reports that myeloperoxidase, the enzyme that generates it from H2O2 and chloride ion, is
aberrantly expressed in Alzheimer’s disease brain.[20,21] A metabolite generated by
myeloperoxidase, 3-chlorotyrosine, was elevated 3-fold in Alzheimer’s disease brain relative
to control brain. Moreover, myeloperoxidase immunoreactivity co-localized with
neurofibrillary tangles in neurons of Alzheimer’s disease brain.

HOCl, like peroxynitrite, oxidizes protein thiols and, if produced in neurons, will likely
affect tubulin cysteines.[22,23] Therefore, we investigated the effects of HOCl and two
chloramines on the cysteines of purified porcine tubulin. Our continued focus on tubulin
allows us to rank oxidants in terms of their potency and specificity for cysteine oxidation
rather than other types of protein damage. Total cysteine oxidation and effects on
microtubule polymerization by HOCl and chloramines as well as previously characterized
oxidants, peroxynitrite and Angeli’s salt, an HNO donor, are presented.[24]

Materials and Methods
Materials

Porcine brains were obtained from Smithfield Packing Company in Smithfield, Virginia.
Angeli’s salt was from Cayman Chemicals (Ann Arbor, MI). Bicinchoninic acid (BCA)
protein assay reagent, West Pico chemiluminescence detection system, Tris(2-
carboxyethyl)phosphine (TCEP) and 5-iodoacetomido-fluorescein (IAF) were from Thermo
Pierce. The mouse anti-β-tubulin antibody (clone TUB 2.1) and the goat anti-mouse
secondary antibody HRP conjugate were from Sigma. All other chemicals were from Fisher
or Sigma. The concentration of HOCl was determined by measuring the absorbance at 292
nm (ε292 = 350 M−1 cm−1) in 0.1 M NaOH.[25] A solution of Angeli’s salt was prepared
immediately prior to use in 0.01 M NaOH and stored on ice.
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Preparation of thionitrobenzoic acid
Thionitrobenzoic acid (TNB) was prepared from 5,5′dithiobis(2-nitrobenzoic acid) (DTNB)
as described with some modification.[26,27] DTNB (0.5 g) in 25 ml 0.5M Tris–HCl, pH 8.8,
was treated with 2.5 ml β-mercaptoethanol. The pH of the solution was adjusted to 1.5 with
6M HCl. Orange crystals of TNB formed after 6–8 h at 4 °C. The crystals were filtered and
washed with ice cold 0.1 M HCl. The purity of TNB was 99.5% as determined by HPLC
with detection at 320 nm.[27] Solid TNB was stable indefinitely at −20 °C.

Synthesis of chloramines
Glycine (GC) or taurine chloramines (TC) were prepared immediately prior to use as
described [28]. HOCl in water was combined with the amines in 0.1 M phosphate buffer
(PB) pH 7.4. The final molar ratio of HOCl to amine was 1:10. GC, TC and HOCl dilutions
were assayed with TNB to determine concentration and stability. TNB (1 mM, 20 μl) in 0.1
M PB pH 7.4 was treated with 2 μl each oxidant to achieve final concentrations of 50, 100,
250 and 500 μM. Reaction mixtures were transferred to a 96 well plate and diluted to 200 μl
with PB pH 7.4. TNB concentrations were determined from a TNB standard curve.

Synthesis of ONOO−

ONOO− was synthesized from acidified H2O2 and sodium nitrite as described and stored at
−80 °C. The concentration of ONOO− was determined by measuring the absorbance at 302
nm (ε302 = 1670 M−1 cm−1) in 0.1 M NaOH.[29]

Purification of porcine brain tubulin
Tubulin was purified from porcine brain by two cycles of temperature-dependent
polymerization and depolymerization and subsequent phosphocellulose chromatography as
described.[30] Tubulin (typically 3.0 – 4.0 μg/μl) in PME buffer (0.1 M PIPES, pH 6.9, 1
mM MgSO4, 2 mM EGTA) containing 0.1 mM GTP was aliquoted and stored at −80 °C.
Tubulin concentrations were determined by the BCA protein assay (Pierce).

Labeling of tubulin cysteines with IAF
Tubulin was diluted in either 0.1 M PB pH 7.4 or PME buffer pH 6.9 and then treated with
each oxidant for 10 min at 25 °C in a total reaction volume of 20–30 μl. Either methionine
(for HOCl and chloramines) or monochlorodimedone (for HOCl) was added to 1 mM to
quench any remaining oxidant. IAF in DMF was added to final concentrations of 1.5–2.5
mM and samples were incubated at 37 °C for an additional 30 min. Protei ns were resolved
by SDS-PAGE on 7.5% gels under reducing conditions and gel images were captured using
a Kodak EDAS290 system and a UV transilluminator. The intensity of the fluorescein-
labeled protein bands was measured using Kodak 1D Image Analysis software.
Alternatively, IAF-labeled tubulin was precipitated with 80% ethanol, incubated on ice for
20 min and then the protein pellet was collected at 16,000 x g for 20 min. Pellets were
washed twice with 80% ethanol and then resuspended in 3 M guanidine HCl in 0.1 M Tris
pH 8.8. Fluorescein in each protein sample was quantitated relative to a fluorescein standard
curve prepared in 3 M guanidine HCl in 0.1 M Tris pH 8.8. Absorbance at 490 nm for
standards and samples was measured in a 96 well plate.

Detection of interchain disulfides by Western Blot
Following treatment with HOCl, GC or TC as described above, tubulin species (10–20 μg
protein per lane) were separated by SDS-PAGE on 7.5% polyacrylamide gels under
nonreducing conditions. Proteins were transferred to PVDF membranes, blocked with 3%
milk for 30 min and probed with a mouse monoclonal anti-β-tubulin antibody (1:2000) for
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two hours. The β-tubulin/antibody complex was detected using a goat anti-mouse HRP
conjugate (1 hr, 1:10,000) and the Pierce West Pico chemiluminescent substrate.

Microtubule polymerization assays
Purified tubulin, diluted with PME, was treated with 1.5–5.0 μl oxidant, for 10 min at 25 °C
(50 μl, 25 μM final protein concentration). Any excess oxidant was scavenged with 1 mM
methionine. For repair assays, DTT or TCEP was added for an additional 10 min at 25 °C.
To induce polymerization, GTP (1 mM final) was added and the samples were incubated at
37 °C for 20–25 min. Microtubule polymer was collected by centrifugation at 16,000 × g for
20 min. The supernatants were removed and the protein concentration in each was
determined by the BCA protein assay. Control polymerization activity was set at 100% for
those samples containing GTP but no oxidant. Control samples without GTP were used to
establish 0% activity. Samples of protein supernatants were also analyzed by SDS-PAGE
with Coomassie Blue staining.

Detection of tubulin thiols with DTNB
DTNB, known as Ellman’s reagent, reacts with protein thiols to produce thionitrobenzoic
acid (TNB), a yellow product with maximum absorbance at 412 nm.[31] Tubulin samples
(20 μl total) were treated with oxidant for 10 min and any excess oxidant was scavenged
with 1 mM methionine. Samples were transferred to a 96 well plate, diluted with 0.1 M PB
pH 7.4 and treated with 500 μM DTNB (final well volume = 200 μl). In some cases, protein
samples were first incubated with 6 M guanidine-HCl in 0.1 M PB pH 7.4 to unfold the
protein completely. TNB was detected using a 405 nm filter within 10–15 min. Protein thiol
concentrations were calculated from a GSH standard curve.

CNBr cleavage to detect methionine oxidation
Tubulin samples (12.5 μM, 250 μM cysteines, 325 μM methionines) were treated with each
oxidant for up to 30 min at 25 °C. Samples were subsequently acidified to pH 2.5 with 70%
formic acid and treated with 35–40 mM CNBr for 16 hours. The concentration of CNBr was
at least 100-fold higher than the concentration of methionine target. Samples were
neutralized to pH 7.4 – 7.6 with NH4OH and subjected to SDS-PAGE under reducing
conditions on a 7.5% polyacrylamide gel. Proteins were transferred to PVDF, blocked with
3% milk and incubated with mouse anti-β-tubulin (1:2000) for 2 h. The tubulin-antibody
complex was visualized using a goat anti-mouse HRP conjugate (1:10000, 1 hr) and a
chemiluminescent substrate.

Detection of methionine and methionine sulfoxide by thin-layer chromatography
Methionine and methionine sulfoxide were detected by TLC on silica gel plates (5 × 10 cm).
The solvent system used was acetonitrile, water, and glacial acetic acid (80:20:1).
Methionine (1 mM) in 0.1 M PB pH 7.4 was treated with 5–50 equivalents of oxidant for 5–
30 min. Amino acids were detected by spraying the plate with 1% ninhydrin in 90%
methanol followed by heating on a hot plate. Rf values for methionine and methionine
sulfoxide were 0.31 and 0.52, respectively.

Results
We routinely assess protein cysteine oxidation using 5-iodoacetamidofluorescein (IAF), a
thiol-selective reagent. Figure 1A shows that IAF labeling of purified porcine tubulin
decreases as the concentration of hypochlorous acid (HOCl) increases. The pKa of HOCl is
7.5; thus, both HOCl and the hypochlorite anion (OCl−) will be present for all experiments
presented.[25] For consistency and simplicity, we use HOCl herein to represent both
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species. Likewise, because the pKa of peroxynitrous acid (ONOOH) is 6.8, a mixture of
ONOOH and peroxynitrite anion (ONOO−) will be present at physiological pH. Herein, the
term peroxynitrite represents a mixture of both. Though the final concentration of tubulin in
Figure 1A is only 3 μM, the concentration of cysteine target in tubulin is 60 μM. The range
of HOCl concentrations was 25 – 500 μM. In our experience, the exclusive products of
tubulin cysteine oxidation are protein disulfides (both inter- and intra-chain); thus, for every
molecule of HOCl, two cysteines are oxidized. Oxidation of tubulin cysteines by HOCl is
not stoichiometric at this ratio of oxidant to protein; if so, complete oxidation and therefore,
no IAF labeling would be observed at only 50 μM. In fact, 500 μM HOCl is required to
completely oxidize 60 μM tubulin cysteines (Figure 1A – lane 6). Because the HOCl was
present in excess, it was important to add an oxidant scavenger to achieve the reported
reaction time (10 min in this case). Either methionine or monochlorodimedone was added in
excess over HOCl.

IAF labeling of oxidant-treated tubulin followed by SDS-PAGE is important because it
allows us to assess any subunit selectivity by a particular oxidant. As shown in Figure 1A,
the intensities of both the α- and β-tubulin bands decreased in a dose-dependent manner.
Thus, HOCl does not show any selectivity for cysteines on a particular subunit. This is
consistent with our published work with peroxynitrite, HNO and NO donors.[24]

Under physiological conditions, it is likely that HOCl will react with cellular amines to yield
chloramines, RNHCl. Unlike HOCl, chloramines are reported to preferentially react with
cysteines rather than methionines.[23] Figure 1B summarizes the effects of HOCl and two
frequently studied chloramines, glycine chloramine (GC) and taurine chloramine (TC) on
tubulin cysteines as assessed by IAF labeling, protein precipitation and quantitation of
fluorescein incorporation. In this case, a much higher tubulin concentration was used (25
μM, 500 μM cysteine). One observes a dose-dependent decrease in tubulin cysteines for all
three oxidants; however, consistent with Figure 1A, oxidation of tubulin cysteines is not
stoichiometric.

Of note, the porcine tubulin preparation contains 100 μM GTP, an essential component of
the purification buffer that ensures that the GTP binding sites on each tubulin subunit are
occupied. Without GTP, the protein is much less stable resulting in a loss of function. When
stock tubulin was diluted for oxidation assays presented herein, the final concentration of
guanine nucleotides was ~50–60 μM. Several reports confirm that HOCl and chloramines
react with guanine; thus even if GTP were hydrolyzed to GDP, it would be a target for
oxidation.[32,33] All oxidation assays with identical amounts of protein will contain the
same concentration of guanine nucleotides.

Chloramines were prepared immediately prior to use by combining HOCl with a 10 molar
excess of glycine or taurine. The excess amine limits the formation of dichloro compounds
RNCl2.[23,28] Therefore, it was essential to assess any effects of the high amine
concentration on IAF labeling. Controls were prepared in which tubulin was treated with the
amines only and subsequently with IAF. Quantitation of tubulin IAF labeling showed that
the amines alone consistently decreased protein labeling and at the highest amine
concentration tested (5 mM), labeling decreased by 4–7%. The amine control values were
subtracted from the GC and TC data to obtain the results shown in Figure 1B. Although IAF
is described as a thiol-selective reagent, it is not unexpected that the amines of glycine and
taurine, present in high concentration relative to protein thiols, would react with it to some
extent.[34] For this reason, controls with the amines are essential.

Using TNB to detect unreacted oxidant, we determined that none remained after 10 min for
tubulin samples (25 μM, 500 μM cysteine) treated with 50, 100 or 250 μM HOCl, GC or
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TC. However, there was a decrease in TNB absorbance for those tubulin samples treated
with 500 μM oxidant for 10 min. From the decrease in TNB absorbance, we calculated a
residual oxidant concentration of approximately 100 μM. For this reason, it was essential to
add an oxidant scavenger that would not interfere with subsequent analyses. Addition of 1
mM methionine to tubulin samples treated with 500 μM oxidant consumed the excess and
no change in TNB absorbance was observed.

If HOCl reacted with tubulin lysines to yield stable protein-bound chloramines, then those
lysine chloramines would have reacted with TNB resulting in an absorbance decrease.
Because no decrease in TNB absorbance was observed at 50, 100 or 250 μM HOCl, we
conclude that no stable protein-bound chloramines form when tubulin is treated with HOCl.

We also quantitated tubulin cysteine oxidation by HOCl, GC and TC using the DTNB assay.
We and others consistently detect all 20 tubulin cysteines using multiple cysteine-specfic
reagents.[35,36] For these experiments, the tubulin concentration was 25 μM, a protein
concentration that yields a theoretical protein thiol concentration of 500 μM and a
methionine concentration of 650 μM (tubulin contains 26 methionines). Controls were
performed using glycine and taurine alone to determine if the excess amines present in the
chloramine solutions reacted with DTNB or altered the TNB absorbance to any extent.
Though the oxidants, GC and TC, reacted to a limited extent with DTNB, the amines alone
did not. Given that all GC and TC would have been consumed in their reactions with tubulin
or quenched with methionine, their residual reaction with DTNB was inconsequential.

Figure 2 shows that HOCl, GC and TC oxidize tubulin cysteines in a dose-dependent
manner. We detected all 20 tubulin cysteines by the DTNB assay; therefore, controls
contained 500 μM cys. In some cases, assays were performed in the presence of 6 M
guanidine HCl to ensure that tubulin was denatured. At all concentrations tested, the three
oxidants were very similar in their reactivity with tubulin cysteines. TC was the most
effective cysteine oxidant at 500 μM. There was no difference in the extent of cysteine
oxidation at the other oxidant concentrations tested. Samples treated with 250 μM oxidant
all showed about 60% of control cysteines which corresponds to detection of 12 cysteines
and therefore oxidation of 8 mol cys/mol tubulin.

Comparison of HOCl, GC and TC with peroxynitrite, an oxidant that we have previously
studied in detail, shows that all three are superior in their ability to oxidize tubulin cysteines.
[17,18] For example, we previously reported that 500 μM peroxynitrite oxidized 7 mol cys/
mol tubulin.[18] However, a direct comparison is challenging because when peroxynitrite,
stored in dilute NaOH, is added to an aqueous buffer near physiological pH, it either reacts
with its target or decomposes within seconds to form nitrate.[29,37] Samples containing
tubulin and oxidants were typically incubated for 10 min and it is certain that no
peroxynitrite remained.

Given their greater ability to oxidize tubulin cysteines, it was not surprising to observe that
HOCl, GC and TC were more effective inhibitors of microtubule polymerization than
peroxynitrite. The data in Figure 3 shows that HOCl and GC are equivalent at all
concentrations in their ability to inhibit polymerization. TC shows enhanced inhibition
relative to HOCl and GC at all concentrations tested though the difference is most noticeable
at 250 and 500 μM TC with essentially no microtubule polymer forming. To compare
oxidant effectiveness, IC50 values were estimated from Figure 3. Comparisons of oxidant
potency must take into consideration the ratio of oxidant to cysteine target in the protein
preparation. In Figure 3, the concentration of cysteine target is 500 μM. For HOCl and GC,
the IC50 is about 160 μM; whereas the IC50 for TC is 110 μM. For peroxynitrite, the IC50
determined from Figure 3 is 500 μM, a value identical to what we reported previously.
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[17,24]. In those previous experiments with peroxynitrite, the cysteine target concentration
was also 500 μM. The IC50 value for Angeli’s salt (AS), an HNO donor was 200 μM.[24]

As with other oxidants we have tested in the past, there was no oxidant-induced protein
aggregate formation. If there had been, protein pellets would have increased in size with
increasing oxidant but they did not. Controls were performed to assess any effects of the
excess amines on polymerization. Though a very slight inhibition (1–2%) was observed with
both glycine and taurine, it was not sufficient to warrant subtracting out the effect.

Another method we employ to assess tubulin cysteine oxidation involves detection of
interchain disulfides between tubulin subunits. Oxidized samples were subjected to SDS-
PAGE under nonreducing conditions and higher molecular weight species were detected by
Western blot using an anti-β-tubulin antibody. Figure 4A shows that HOCl oxidizes tubulin
cysteines to form the characteristic dimers and tetramers that we observe with peroxynitrite
and NO/HNO donors.[24] The concentrations of HOCl used ranged from 50 μM to 1 mM
(lanes 2–6) whereas the tubulin concentration was only 8 μM (160 μM cys). Even control
tubulin (lane 1) contains some tubulin dimers indicating that tubulin cysteines can air
oxidize if stored in the absence of a reducing agent. At HOCl concentrations greater than
100 μM, there is a significant decrease in the monomer β-tubulin band indicating that
tubulin is oxidized to form large disulfide-linked species that do not enter the separating gel,
but that do not pellet upon centrifugation. The higher oxidant: protein ratio was used to
illustrate that all tubulin can be oxidized to form disulfide-linked species if the oxidant
concentration is sufficiently high.

In Figure 4B, 25 μM tubulin was treated with 250 μM HOCl, GC or TC in lanes 2–4. These
concentrations are the same as those used in Figures 1B, 2 and 3. Addition of the disulfide
reducing agent, TCEP, eliminated all higher molecular-weight species (lanes 5–8). In
additional Western blot assays, tubulin was treated with up to 1 mM HOCl followed by
TCEP or DTT and no non-disulfide higher molecular weight species were detected (data not
shown). This control was important because HOCl has been reported to induce the
formation of noncovalent protein oligomers that are detected even in the presence of
reducing agents.[38]

To further compare oxidants, tubulin was treated with 100 and 250 μM GC, HOCl and
peroxynitrite (Figure 4C). GC (lanes 2 and 3) and HOCl (lanes 4 and 5) show more
disulfides, tetramers especially, than peroxynitrite (lanes 6 & 7). As expected, controls in
lanes 1 and 8 show some tubulin disulfides. These results are consistent with our previous
work confirming that peroxynitrite is a less effective cysteine oxidant.[24]

In addition to cysteine oxidation, HOCl oxidizes methionine, another abundant target
present in porcine tubulin.[23] The reaction of an oxidant with a protein depends on the
relative abundance and accessibility of a protein’s side chains; thus, we must consider the
relative concentrations of cysteines and methionines, the most readily oxidized amino acids
in proteins. The most common tubulin isoform contains 26 methionines and 20 cysteines.
[13,39]

To assess methionine oxidation of tubulin by HOCl and chloramines, we used a cyanogen
bromide (CNBr) cleavage assay. If methionines are oxidized, tubulin cannot be digested
with CNBr, a reagent that reacts with the methionine thioether under acidic conditions
resulting in peptide bond cleavage. As shown in Figure 5, oxidized methionines in tubulin
were detected using 250 μM HOCl (lane 6) but not with 250 μM GC or TC (lanes 4&5). The
darker β-tubulin band in the HOCl-treated sample indicates greater methionine oxidation
resulting in decreased protein cleavage by CNBr. Thus, for tubulin treated with HOCl, both
cysteine and methionine oxidation are detected. This observation is consistent with
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published reports showing that HOCl oxidizes both cysteine and methionine whereas
chloramines are more specific cysteine oxidants.[23] Additional experiments showed some
methionine oxidation by 500 μM GC and TC, but it was consistently lower than that
observed for HOCl (data not shown). No methionine oxidation was detected when tubulin
was treated with the same concentrations of H2O2 or peroxynitrite (data not shown).

Prior to this work, the most effective tubulin cysteine oxidant we had identified was
Angeli’s salt (AS), Na2N2O3, an HNO donor.[24] To rank HOCl and TC, we compared their
reactivity to AS in terms of the extent of tubulin cysteine oxidation, its effect on microtubule
polymerization and the ability of TCEP to restore polymerization following treatment by the
oxidants. The results of this comparison are shown in Figure 6A. We chose to use lower
oxidant concentrations, 75 and 150 μM, because we wanted to more closely mimic
physiological concentrations and with less oxidation, we expected that it would be easier to
restore activity with a disulfide reductant.

Figure 6A shows that 150 μM HOCl and AS are nearly identical with respect to their effects
on tubulin cysteines. AS treatment oxidized slightly more cysteines than HOCl by the
DTNB assay, but inhibition of polymerization was essentially the same. For both AS and
HOCl, polymerization activity was restored following treatment with TCEP but not to
control levels. Figure 6A shows polymerization activity decreases to 40% of control activity
following tubulin oxidation by 150 μM AS or HOCl. Reduction with TCEP or DTT restores
activity to 83% of control for HOCl and 81% of control for AS (Figure 6A). In comparison,
a dose of 250 μM HOCl decreases activity to 22 % of control (Figure 2) and activity is only
restored to 65% of control (data not shown). This is consistent with our previous findings
using peroxynitrite as the oxidant.[17, 18, 40]

TC was the best inhibitor of polymerization but did not oxidize appreciably more cysteines
than AS or HOCl at 150 μM. Polymerization was not restored by TCEP to the same extent
for the TC treated samples (only 62% of control - Figure 6A). Both 1) the enhanced
inhibition of polymerization by TC and 2) the decreased reversal of inhibition by reducing
agents support a mechanism of inhibition not solely based on cysteine or methionine
oxidation. Given that TC and GC are both chloramines with similar reactivities toward
cysteine, we were surprised to observe that TC was both a better tubulin cysteine oxidant at
high concentrations (Figure 2) and a better inhibitor of tubulin polymerization (Figure 3).
Taurine alone, at the concentrations present in the prepared TC, did not inhibit tubulin
polymerization. Further, we treated tubulin with other oxidants including AS, HOCl and GC
for 5 min and then added taurine for an addition 5 min to determine if oxidized protein was
susceptible to increased inhibition. We did not observe any change in inhibition by AS,
HOCl or GC when taurine was added either before or after oxidant treatment. In the case of
HOCl as oxidant, the combination of HOCl plus taurine showed the same level of oxidation
as HOCl alone, rather than the enhanced inhibition observed for TC which would have
formed when both HOCl and taurine were present.

In Figure 6B, we show that TCEP restores polymerization activity that was lost following
tubulin oxidation by 75 and 150 μM HOCl and AS. Oxidized tubulin does not yield as much
microtubule polymer (Figure 3) and therefore more protein is present in the supernatant after
polymerization and centrifugation. In all cases, oxidized samples contain more protein than
those treated with TCEP as indicated by the darker protein bands in the (−) lanes following
Coomassie Blue staining. Quantitation of protein concentration for the 150 μM HOCl and
AS samples yielded the +TCEP data in Figure 6A. Identical results were obtained when
DTT was used as the disulfide reductant. The TCEP and DTT concentrations used, 2.5 mM
for 10 minutes, were sufficient to reduce all interchain tubulin disulfides that were observed
on Western blots following oxidant treatment (Figure 4B and data not shown). However,
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treatment with TCEP or DTT under these conditions would not reverse methionine
oxidation. In an independent experiment, we observed that incubation of the free amino acid
methionine sulfoxide with 250 equivalents of DTT for two days at 37 °C yields methionine.

Herein, we have observed both cysteine and methionine oxidation of tubulin by HOCl;
however HNO, generated from AS, does not oxidize methionine. We confirmed this by
treating the amino acid methionine with up to 50 equivalents of AS for 30 min. No
methionine oxidation products were detected by thin-layer chromatography. Given that the
half life of AS in neutral solution is roughly 4 min and because we routinely incubated
tubulin with oxidants for 10 min, we did not attempt longer incubation times than 30 min for
AS and methionine.

To lend support to the hypothesis that cysteine oxidation is largely responsible for the
observed inhibition of microtubule polymerization, we analyzed some supernatant fractions
following polymerization for remaining reduced cysteines. DTNB assays showed that all
supernatants, regardless of the oxidant used, contained more oxidized cysteines on a mol
cys/mol protein basis relative to the reactions in Figure 2 (which were not separated into
microtubule pellet and supernatant fractions). For example, tubulin treated with 250 μM
HOCl contained 12.3 mol cys/mol tubulin by the DTNB assay as shown in Figure 2. But
only 8.5 mol cys/mol tubulin were detected in the supernatant fraction. In our previous work
with peroxynitrite, we also observed greater cysteine oxidation in the supernatant fractions.
[18] If the supernatant protein is more oxidized, then the microtubule polymer fractions
must contain less oxidized protein.

Discussion
Cysteine oxidation of tubulin by HOCl and chloramines is associated with inhibition of
tubulin polymerization. Three different methods were used to detect cysteine oxidation: 1)
IAF labeling of remaining cysteine thiols after oxidant treatment (Figures 1A and 1B); 2) the
DTNB assay in which remaining cysteines react with DTNB to yield the yellow TNB
product (Figure 2) and 3) a Western blot method in which higher molecular weight tubulin
species were detected under nonreducing conditions (Figures 4A–C). All three methods
have been employed in our laboratory to characterize other cysteine oxidants including
peroxynitrite, GSNO, NO donors and Angeli’s salt, a source of HNO.[41]

The IAF data in Figure 1B comparing HOCl and the chloramines, GC and TC shows a dose-
dependent decrease in tubulin cysteines; however this assay was complicated by the
observation that the amines, glycine and taurine, present in the chloramine preparations
decreased IAF labeling. We chose to assess IAF labeling both by SDS-PAGE and by a more
quantitative assay involving precipitation of IAF-labeled protein and quantitation of
fluorescein incorporation. SDS-PAGE analysis was essential to show that cysteines of both
tubulin subunits were oxidized by HOCl, GC and TC.

The IAF data in Figure 1B should be identical to the DTNB results in Figure 2 but there are
some differences with respect to the extent of tubulin thiol oxidation by HOCl, GC and TC.
The IAF assay (Figure 1B) is complicated by the presence of amines, both protein and
nonprotein, that can react with iodoacetamides.[34] GC and TC preparations contain excess
amines and a number of controls with the amines only were performed and subtracted from
the IAF labeling data in Figure 1B. However, upon oxidation, changes in tubulin
conformation may alter the accessibility and reactivity of protein amines. Figure 4B clearly
shows that disulfide-linked tubulin dimers and tetramers form at the oxidant concentrations
used in Figures 1B and 2. Greater IAF labeling of oxidized tubulin, thereby yielding less
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observed cysteine oxidation, may be the result of increased protein amine reactivity with
IAF especially in the case of HOCl because no competing amines are present.

DTNB is specific for reaction with protein thiols and has been used extensively in our
laboratory to quantitate thiol oxidation. For these reasons, we consider the DTNB assay data
in Figure 2 to more accurately reflect the number of cysteines oxidized.

Treatment of oxidized tubulin with DTT and TCEP reduced all cysteines to the thiol form;
thus, disulfides or sulfenic acids are the only possible cysteine oxidation products. The
Western blot method shown in Figure 4 only detects disulfides between tubulin subunits but
it is very likely that disulfides form within subunits. Our previous work showed that the
thioredoxin reductase system restored all peroxynitrite-oxidized cysteines providing strong
evidence that only disulfides and no stable sulfenic acids, are present in tubulin following
oxidation.[17] Sulfenic acids (RSOH) are the initial product of cysteine oxidation by
oxidants like peroxynitrite and the subsequent formation of a disulfide requires a reaction
with a nearby cysteine to yield the disulfide.[37] For HOCl and chloramines, the initial
cysteine oxidation product is the sulfenyl chloride (RSCl) which, like RSOH, reacts with a
second cysteine to yield a disulfide.[23] Peskin and Winterbourn reported that the reaction
of chloramines with thiols is dependent on the pKa of the thiol. The rates of reaction
increase with decreasing thiol pKa implicating the thiolate anion as the reactive species.[23]
Their observation suggests that chloramines may target specific cysteines within a protein in
a sequence/charge-dependent fashion.

Although DTT and TCEP reduce all cysteines that are damaged by HOCl and chloramines
(Figure 4B), not all microtubule polymerization activity is restored. This observation is
consistent with previously reported studies from our laboratory in which peroxynitrite was
used as the oxidant.[17, 18] As the concentration of oxidant increases, the fraction of
polymerization activity that is restored decreases. At the higher concentrations of oxidant,
there are multiple consequences that could affect reversibility. First, other types of protein
damage in addition to cysteine oxidation can occur. Treatment of tubulin with 250 μM
HOCl clearly caused methionine oxidation (Figure 5) that would not be reversed by DTT or
TCEP treatment under the time and concentration conditions used herein.

In our previous work, we suspected that tyrosine nitration of tubulin by peroxynitrite
contributed to the inhibition of polymerization and it would not be reversible.[18] Given that
our results with other cysteine oxidants like AS, HOCl and chloramines are strikingly
similar to what we observed with peroxynitrite and because these oxidants are not capable of
nitrating tyrosines, our hypothesis must be revised. Likewise, in comparing AS and HOCl,
we note that AS cannot oxidize methionines but HOCl can. The common connection
between all oxidants studied in our laboratory is their ability to oxidize tubulin cysteines.

In comparison, HOCl-mediated oxidation of actin methionines alters both protein structure
and function.[42] However, actin contains 16 methionines and only 5 cysteines (only 1 of
which is solvent exposed). The predominant tubulin gene products contain 26 methionines
and 20 cysteines. While all tubulin cysteines are detectable and able to be modified by many
reagents, from examination of the tubulin structure, it appears that very few of the
methionines would be solvent accessible.[39]

Therefore, it is likely that cysteine oxidation and subsequent reduction would cause changes
in protein conformation that are not reversible. The result would be a subset of tubulin
proteins that contain fully reduced cysteines but are no longer able to form microtubules. For
example, oxidation and reduction could alter the GTP binding site on the tubulin subunits.
Under physiologic conditions, proteins like tubulin would likely be exposed to lower oxidant
concentrations generated over time rather than the relatively high concentrations used in this
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work. Thus, it is probable that a disulfide could form in monomeric tubulin and then be
rapidly reduced by reductases before microtubule formation was compromised.

In our experiments, 1 mM GTP, the energy source to drive polymerization, is not added
until after oxidation and reduction; therefore, changes in its concentration are not to blame
for the inability to restore all activity. However, our tubulin assays are also complicated by
the presence of ~50–60 μM guanine nucleotides during oxidation because it is an essential
component of the purification buffer. Tubulin manipulations such as desalting compromise
protein function; thus, to study functional consequences of protein oxidation, we must
consider guanine oxidation as a competing reaction. The presence of low concentrations of
guanine nucleotides has been consistent in all our tubulin oxidation studies to date including
all with peroxynitrite and NO donors.

To compare oxidant potency, it is important to acknowledge that peroxynitrite degrades
rapidly in solution near physiological pH and therefore the effective dose is not necessarily
equal to the reported concentration. A comparison of rate constants is not possible because
the rate constant for the reaction of tubulin with peroxynitrite is not known. To compare
oxidant potency, it is essential to consider the ratio of oxidant to protein cysteine target. In
this manuscript and others we have published, the concentration of tubulin is 25 μM yielding
a cysteine concentration of 500 μM.[17,24] The observed rate, and thereby the extent of
reaction of any oxidant with tubulin cysteines, is dependent on the absolute concentrations
of both.

AS, a source of HNO, is similar to peroxynitrite in that it decays in solution at neutral pH.
The measured half-life for AS decomposition to HNO at neutral pH is about 4 minutes.[43]
A direct concentration comparison shows AS to be equivalent to HOCl as a tubulin cysteine
oxidant and inhibitor of polymerization (Figure 6A). HOCl is added as a bolus and does not
degrade in solution like peroxynitrite or AS.

Although taurine chloramine was the best cysteine oxidant and polymerization inhibitor at
500 μM, we suspect that this effect is not strictly a result of oxidation of tubulin amino
acids. We performed a number of control experiments to rule out taurine effects on
polymerization. Taurine alone, at the concentrations present in the TC preparation did not
inhibit polymerization. Taurine also did not enhance the inhibition observed with AS, HOCl
or GC. Taurine contains a sulfonic acid group with a very low pKa of ~ 0 whereas glycine
has a carboxylic acid. We suspect that the combination of the chloramine functional group
and the sulfonic acid on the same molecule enhances the ability of TC to both oxidize
cysteines and inhibit polymerization at high concentrations.

With 20 reduced cysteines and 26 methionines, the tubulin heterodimer is a likely target for
oxidation in vivo. Because our brain tubulin preparation is composed of multiple α- and β-
tubulin gene products and multiple post-translational modifications, sequence analysis is
very challenging.[44,45] Although we have not indentified individual oxidized amino acids
following oxidant treatment, we have determined that tubulin cysteines are very similar in
reactivity toward oxidants. When we compared HPLC traces of tryptic digests of IAF-
labeled control and oxidant-treated tubulin, we observed that labeling of all peaks, and
therefore all cysteines, decreased by a comparable amount. Thus, no one cysteine is
selectively oxidized and quantitation by the DTNB assay detects partial oxidation of
multiple cysteines. Luduena and Roach proposed that one or more of the 20 are “assembly-
critical” and once those are modified, polymerization will not occur.[14] The most readily
oxidized tubulin cysteines may not be the “assembly-critical” ones.

Our microtubule polymerization assays require much higher concentrations of protein than
typical studies that examine enzyme inhibition by oxidants. For this reason, the
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concentrations of oxidants used are also high but not excessive. A 25 μM protein solution
contains 500 μM cysteine and 650 μM methionine (Figures 1B, 2, 3, 4B, 4C, 6A). The
highest oxidant concentration used was only 500 μM, a concentration of TC that completely
inhibited polymerization (Figure 3).

We previously showed that peroxynitrite, GSNO and AS oxidized tubulin cysteines
resulting in considerable loss of polymerization activity. The present study using HOCl and
two chloramines shows that cysteines and methionines are oxidized, but that cysteine
oxidation is associated with a loss of polymerization activity. The fact that disulfide
reducing agents restore polymerization activity following HOCl and chloramine oxidation
supports our hypothesis that cysteine oxidation is primarily responsible for the observed
inhibition. Through our studies of oxidants that yield potentially different oxidation products
and with differing reaction rates, we have identified tubulin cysteine oxidation as a common
outcome. This observation supports our hypothesis that tubulin cysteines may play vital
roles under conditions of oxidative stress in vivo because tubulin disulfides are readily
repaired by reductase enzymes. Likewise, it is reasonable to suggest that microtubule
polymerization could be regulated by fluctuations in the redox state of cells.
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ABBREVIATIONS

AS Angeli’s salt

BCA bicinchoninic acid

CNBr cyanogen bromide

DTNB 5,5′dithiobis(2-nitrobenzoic acid)

DTT dithiothreitol

GC glycine chloramine

GSNO S-nitrosoglutathione

HNO nitroxyl

HOCl hypochlorous acid

IAF 5-iodoacetomido-fluorescein

PB phosphate buffer

PME 0.1 M PIPES pH 6.9, 1 mM MgSO4, 2 mM EGTA

TC taurine chloramine

TCEP Tris(2-carboxyethyl)phosphine

TLC thin-layer chromatography

TNB thionitrobenzoic acid
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Figure 1. Modification of tubulin cysteines by HOCl and chloramines
A) Tubulin samples (3 μM, 60 μM cys) were treated with 25, 50, 100, 250 or 500 μM HOCl
for 10 min. at RT. Samples were incubated with 1.5 mM IAF for 30 min at 37 °C and then
subjected to SDS-PAGE under reducing conditions on 7.5% polyacrylamide gels. Gel
images were captured using a UV transilluminator and a Kodak DC290 imaging system. B)
Tubulin samples (25 μM, 500 μM cys) were treated with 50, 100, 250 and 500 μM HOCl,
GC or TC for 10 min at RT. Excess oxidant was scavenged with 1 mM met or
monochlorodimedone (for HOCl). Samples were incubated with 2.5 mM IAF for 30 min at
37 °C and then protein was precipitated with 80% ethanol. Fluorescein-labeled protein
pellets were collected, washed with 80% ethanol and resuspended in 3 M guanidine HCl in
0.1 M Tris pH 8.8. Fluorescein absorbance at 490 nm for standards and samples was
measured in a 96 well plate. These data represent the mean +/− standard error of three
independent experiments.
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Figure 2. Detection of protein thiols using DTNB
Tubulin samples (25 μM, 500 μM cys) were oxidized with 50, 100, 250 or 500 μM HOCl,
GC or TC for 10 min at RT. Excess oxidant was scavenged with 1 mM met. Oxidized
protein samples (20 μL) were transferred to a 96 well plate, diluted with 0.1 M PB pH 7.4
and treated with 0.5 mM DTNB in 200 μl. Maximum absorbance at 405 nm was recorded
after 10–15 min. The results represent the mean +/− standard error of at least three
independent experiments performed in duplicate.
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Figure 3. Effect of oxidants on microtubule polymerization
Tubulin samples (25 μM, 500 μM cys, final reaction volume = 50 μl) were treated with each
oxidant for 10 min at RT and excess oxidant was scavenged with 1 mM met. GTP (1 mM
final) was added and the samples were incubated at 37 °C for 22 min. Microtubule polymer
was collected by centrifugation at 16000 x g for 20 min. The protein concentration in each
supernatant was measured using the BCA reagent. The results represent the mean of at least
three independent experiments performed in duplicate.
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Figure 4. Detection of interchain tubulin disulfides
Oxidized tubulin species were separated by SDS-PAGE under nonreducing conditions on a
7.5% polyacrylamide gel and transferred to PVDF and probed with anti-β-tubulin.
Monomeric β-tubulin (50 kDa) is labeled as well as dimers and tetramers. A) Tubulin
samples (8 μM protein, 160 μM cysteines) were treated with 50, 100, 250, 500 and 1 mM
HOCl for 10 min at 37 °C (Lanes 2–6). B) Tubulin (25 μM protein, 500 μM cys) was treated
with 250 μM HOCl, GC or TC (lanes 2–4) for 10 min at RT. Identical oxidized tubulin
samples were subsequently treated with 2.5 mM TCEP (lanes 6–8) for 5 min prior to
electrophoresis. Control tubulin is in lanes 1 and 5 (+/− TCEP). C) Tubulin (25 μM protein,
500 μM cys) was treated with 100 or 250 μM GC (lanes 2–3), HOCl (lanes 4–5) and
peroxynitrite (lanes 6–7) for 10 min at RT. Control tubulin is in lanes 1 and 8.
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Figure 5. Detection of methionine oxidation
Tubulin samples (12.5 μM, 250 μM cysteines, 325 μM methionines) were treated with 250
μM of each oxidant for 30 min at RT. Samples were subsequently acidified with formic
acid, and treated with CNBr for 16 hours. Samples were neutralized with NH4OH to pH
7.4–7.6 and subjected to SDS-PAGE under reducing conditions on a 7.5% polyacrylamide
gel. Proteins were transferred to PVDF and probed with anti-β-tubulin. Lane 1 contains
control tubulin, lane 2, control tubulin treated with formic acid and NH4OH, lane 3, tubulin
treated with CNBr in the same manner as the oxidized tubulin samples in lanes 4–6.
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Figure 6. Comparison of HOCl, AS and TC
A) Tubulin samples (25 μM, 500 μM cys, final volume = 50 μl) were treated with 150 μM
HOCl or AS for 10 min at RT. For polymerization, GTP (1 mM final) was added and the
samples were incubated at 37 °C for 22 min. Microtubule polymer was collected by
centrifugation at 16000 × g for 20 min. The protein concentration in each supernatant was
measured using the BCA reagent. For the DTNB assay, protein samples (20 μL) were
transferred to a 96 well plate, diluted with 0.1 M PB pH 7.4 and treated with 0.2 mM DTNB
in 200 μl. Absorbance at 405 nm was recorded after 10 min. The results represent the mean
+/− standard error of at least three independent experiments. For + TCEP samples, tubulin
was oxidized, reduced with TCEP and polymerization was initiated with 1 mM GTP.
Supernatants were analyzed by SDS-PAGE with Coomassie Blue staining. Band intensities
from Figure 6B were used to quantitate repair.
B) Effect of TCEP on microtubule polymerization following oxidant treatment Tubulin
samples (25 μM, 500 μM cys, final volume = 50 μl) were treated with 75 and 150 μM HOCl
or 75 and 150 μM AS for 10 min at RT. TCEP (2.5 mM final) was then added for an
additional 10 min. GTP (1 mM final) was added and the samples were incubated at 37 °C
for 22 min. Microtubule polymer was collected by centrifugation at 16000 × g for 20 min.
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Supernatant protein (5 μl of each) for samples treated with (+TCEP) or without (-TCEP)
reducing agent was analyzed by SDS-PAGE under reducing conditions and detected by
Coomassie Blue staining.
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