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Abstract

Alterations in the redox status of proteins have been implicated in the pathology of several neurodegenerative diseases including
Alzheimer’s and Parkinson’s. We report that peroxynitrite and H,O,-induced disulfides in the porcine brain microtubule-associated
proteins tau and microtubule-associated protein-2 are substrates for the glutaredoxin reductase system composed of glutathione
reductase, human or Escherichia coli glutaredoxin, reduced glutathione, and NADPH. Oxidation and reduction of cysteines in
tau and microtubule-associated protein-2 were quantitated by monitoring the incorporation of 5-iodoacetamido-fluorescein, a thi-
ol-specific labeling reagent. Reduction of disulfide bonds in the microtubule-associated proteins by the glutaredoxin reductase sys-
tem restored their ability to promote the assembly of microtubules composed of purified porcine tubulin. Thiol-disulfide exchange
between oxidized glutathione and the microtubule-associated proteins was detected by monitoring protein oxidation and was quan-

titated by measuring reduced glutathione by HPLC.
© 2004 Elsevier Inc. All rights reserved.
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Neuron-specific oxidative damage to proteins as well
as cytoskeletal abnormalities have been detected in the
brains of those afflicted with Alzheimer’s disease [1-4].
Consequently, we are interested in studying the effects
of reactive oxygen species including peroxynitrite anion
(ONOO™) and hydrogen peroxide (H,O,) on the abun-
dant cytoskeletal protein tubulin and two neuron-spe-

* Abbreviations: B-ME, B-mercaptoethanol; DTNB, dithiobis(2-
nitrobenzoic acid); DTT, dithiothreitol; GR, glutathione reductase;
Grx, glutaredoxin; GRS, glutathione reductase system; GSH, reduced
glutathione; GSSG, oxidized glutathione; IAF, S5-iodoacetamido-
fluorescein; MAPs, microtubule-associated proteins; NFTs, neurofi-
brillary tangles; ONOO™, peroxynitrite anion; PHFs, paired helical
filaments; PME buffer, 0.1 M Pipes, | mM MgSO,4, 1 mM EGTA;
TCEP, tris(2-carboxyethyl)phosphine hydrochloride; Trx, thioredoxin;
TrxR, thioredoxin reductase; TRS, thioredoxin reductase system.
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cific microtubule-associated proteins (MAPs), tau and
MAP2 [5,6]. Microtubules, composed of tubulin and
MAPs, are essential cytoskeletal elements and are
among the most abundant structures in neurons; there-
fore, they are likely candidates for modification by oxi-
dants [7,8].

Recently we showed that tau and MAP2 are readily
oxidized by both ONOO™ and H»O, to form disulfide-
linked species and that the oxidized proteins are sub-
strates for the thioredoxin reductase system (TRS) [9].
The reversible oxidation and reduction of MAPs had
profound effects on the kinetics of microtubule polymer-
ization. The fact that a repair system for oxidative dam-
age to tau and MAP?2 exists suggests that fluctuations in
the redox state of neurons may regulate microtubule
polymerization.

Reduced glutathione (GSH), glutaredoxin (Grx), glu-
tathione reductase (GR), and NADPH comprise the
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glutathione/glutaredoxin repair system (GRS) which is
capable of reducing protein disulfides [10-12]. Grx is a
small redox active protein, similar to thioredoxin that
readily undergoes thiol-disulfide exchange with GSH
and oxidized glutathione (GSSG) [11]. The GRS gener-
ally requires a mixed disulfide substrate between oxi-
dized protein and GSH whereas most protein
disulfides are substrates for the TRS [12].

P(SS) + Grx(red) — PSH, + Grx(ox) (1)
Grx(ox) + 2GSH — Grx(red) + GSSG (2)
GSSG + NADPH — 2GSH + NADP" (3)

In reaction (1), a protein disulfide (P(SS)) is reduced by
Grx. Oxidized Grx then undergoes thiol-disulfide ex-
change with GSH to yield GSSG (reaction (2)) which
is reduced to GSH by GR in reaction (3). NADPH oxi-
dation supplies the energy for this repair system.

Regulation of proteins via oxidation, reduction, and/
or modification of their cysteine residues by oxidants, ni-
tric oxide or GSH is a subject of considerable research
[13-15]. We detected glutathionylation of tubulin by
dot blot when ONOO™-damaged tubulin was incubated
with GSH [16]. Given the reactivity of glutaredoxin to-
ward mixed disulfides of protein and GSH, it is not sur-
prising that glutathionylation of tubulin was detected; in
fact, glutathionylation of B-tubulin in endothelial-like
cells has been reported [17,18].

Our present study shows that disulfides in tau and
MAP?2 are substrates for the GRS and optimal repair re-
quires Grx. We also provide evidence for direct thiol-di-
sulfide exchange between the cysteines of native tau and
MAP2 and GSSG to yield oxidized proteins. Based on
our recent work showing that cysteines of tubulin, tau,
and MAP2 are readily oxidized by ONOO™ and H,O,,
it is reasonable to suggest that microtubule polymeriza-
tion could be regulated by fluctuations in the redox state
of cells [9,16,19,20]. This hypothesis is reinforced by our
data showing that the disulfides in tubulin, tau and
MAP?2 can be repaired by both the thioredoxin and
glutaredoxin reductase systems.

Materials and methods

Materials

Porcine brains were obtained from Smithfield Packing Company in
Smithfield, Virginia. Escherichia coli and human glutaredoxin were
from American Diagnostica, BCA protein assay reagent and 5-iodo-
acetomido-fluorescein (IAF) were from Pierce. All other reagents were
from either Sigma or Fisher Scientific.

Methods

Purification of brain tubulin and heat-stable MAPs. Tubulin and
heat-stable MAPs were purified from porcine brain by cycles of

temperature-dependent polymerization and depolymerization and
phosphocellulose chromatography as described [21]. Tubulin (typically
2.5-3.5 pg/pl) in PME buffer (0.1 M Pipes, pH 6.9, 1 mM MgSO,, and
2 mM EGTA) was aliquoted and stored at —80 °C. Total MAPs were
eluted from the phosphocellulose column in PME buffer containing
500 mM NaCl. Heat-stable MAPs were obtained as described by
Vallee [22], desalted into PME buffer, and stored at —80 °C. Tubulin
and MAPs concentrations were determined by the bicinchoninic acid
(BCA) protein assay (Pierce).

Synthesis of ONOO~. ONOO™ was synthesized from acidified
H,0, and sodium nitrite as described [23]. The concentration of
ONOO™ was determined by measuring the absorbance at 302 nm
(830, = 1670 M~'em ™) in 0.4 M NaOH.

DTNB assay. Heat-stable porcine MAPs (1.9 pg/pl, 40 pl) were
treated with 0.1 M NaOH (control), ONOO™ in 0.1 M NaOH for
S min or with H,O, for 20 min at room temp. Each protein sample was
treated with 35 pl of 8 M guanidine-HCl and 25 pl of 1.2 mM DTNB
and absorbance values (100 pl total volume) were recorded at 412 nm
within 10 min. Molar concentrations of free cysteines in the protein
samples were calculated from a GSH standard curve (final concen-
trations from 20 to 100 uM). Absorbance values for the standards were
also measured in the presence of guanidine-HCI.

Labeling of cysteines with IAF. Heat stable MAPs (1.2 pg/ul, 20 ul)
were treated with 0.1 M NaOH (control), ONOO™ for 2 min or H,0,
for 20 min at 25 °C. ONOO™ stock solutions were diluted with 0.1 M
NaOH immediately prior to use and the volume of ONOO™ solution
added to achieve the indicated concentrations was normalized (1.5 pl)
to avoid variations in pH. Likewise, HO, samples were also treated
with an equivalent volume of NaOH. Varying amounts of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), GSH, Grx, GR, and
NADPH in a final volume of 10-15 pul were then added to the samples
and incubated at 25 °C for 20 min. IAF in DMF was added to final
concentrations of 1.5-2.5 mM and samples were incubated at 37 °C for
30 min. Proteins were resolved by SDS-PAGE on a 7.5% gel under
reducing conditions and gel images were captured using a Kodak
DC290 system and a UV transilluminator. The intensity of the fluo-
rescein-labeled protein bands was measured using Kodak 1D Image
Analysis software.

Microtubule polymerization assays. Aliquots of heat stable MAPs
(1.2 pg/ul, 20 pl) in PME buffer were treated with ONOO™ or 0.1 M
NaOH (control) at 25 °C for 5 min or with HO,/NaOH for 20 min.
Following treatment with the oxidants, the components of the GRS
including E. coli or human Grx, GSH, GR, and NADPH or the
disulfide reducing agent TCEP were added to the MAPs samples in a
total volume of 10-15 pl. All reagents added after ONOO™ were dis-
solved in 0.1 M phosphate buffer, pH 7.4. Following a 20 min incu-
bation at 25°C, the MAPs samples were combined with purified
porcine tubulin (80 pl, 2.0 pg/pl) on ice and GTP was added to a final
concentration of 1.25 mM. The entire sample (110-115 pl) was trans-
ferred to a 96-well plate and microtubule assembly was monitored at
340 nm for 18 min using a thermostated (37 °C) Bio-tek ELx808-UV
plate reader. Following assembly, samples were transferred to micro-
centrifuge tubes and microtubules were collected by centrifugation at
16,000g for 30 min. Supernatant protein was removed following cen-
trifugation and protein concentrations were determined by the BCA
assay.

Quantitation of GSH following tubulin thiol-disulfide exchange with
GSSG. Heat-stable MAPs (1.9 pg/ul, 20 pl) in PME buffer were reacted
with 0-2 mM GSSG in 0.1 M phosphate buffer at pH 6.9, 7.4 or 8.0 at
37 °C for 30 min (40 pl total volume). IAF in DMF was added to a
final concentration of 1.5 mM and samples were incubated at 37 °C for
30 min. Cold ethanol was added to 80% to precipitate the fluorescein-
labeled MAPs and the protein was collected by centrifugation at
16,000g for 20 min. The supernatant containing fluorescein-labeled
GSH (GS-AF) was treated with DTT to convert excess IAF to the
more stable DTT adduct (DTT-AF). Samples (20 pl supernatant) were
analyzed by reverse phase HPLC on a C8 column (Zorbax). Solvent A
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contained 20% acetonitrile/0.1% TFA and solvent B contained 70%
acetonitrile/0.1% TFA. A linear gradient from 0% to 50% B over
20 min was used to elute GS-AF (retention time = 7 min) and DTT-AF
(retention time = 11 min). Fluorescein-labeled products were detected
at 440 nm, the absorbance maximum of fluorescein in solvent A. GS-
AF was quantitated by comparison of peak areas to a standard curve
created following injection of known amounts of a GS-AF standard
prepared by reacting GSH with IAF.

Results and discussion

Previously we showed that both ONOO™ and H,O,
oxidized cysteines of the major MAPs, tau, and MAP2
[9]. Herein we used dithiobis(2-nitrobenzoic acid)
(DTNB) to quantitate the oxidation of protein cysteines
of heat-stable MAPs, a mixture composed primarily of
the neuron-specific proteins tau and MAP2. Protein
samples were treated with micromolar concentrations
of ONOO™ and H,0,. Approximate concentrations of
tau and MAP2 used in these experiments are 12 and
2 uM, respectively. However, the molar concentration
of cysteine target is greater because mammalian tau
and MAP2 contain 1-2 and 7 cysteines, respectively [24].

Following treatment of heat-stable MAPs with
ONOO™ or H,0,, guanidine-HCl and DTNB were
added to the protein samples. Guanidine—-HCI denatures
the proteins so that all cysteine residues are accessible to
DTNB. DTNB reacts stoichiometrically with protein
thiols to form the product, thionitrobenzoic acid, which
absorbs strongly at 412 nm [25]. We calculated a concen-
tration of 200 uM protein thiols in control MAPs from a
standard curve prepared using GSH, guanidine-HCI,
and DTNB.

Fig. 1A shows that as the concentration of oxidant,
ONOO™ or H,0, increased the concentration of protein
thiols decreased. For ONOQO™, it is important to note
that a significant fraction of the ONOO™ added to any
buffered solution at neutral pH isomerizes to nitrate
and all ONOO™ reacts within 2 min [26]. In the case
of H,0,, protein samples were treated for 20 min prior
to the addition of guanidine-HCl and DTNB. At all
concentrations tested, ONOO™ was more effective at
oxidizing protein thiols than H,O, which is consistent
with previous work from our laboratory and from oth-
ers [9,19,27].

In addition, oxidation of protein thiols was moni-
tored using S-iodoacetamido-fluorescein (IAF), a thiol-
specific fluorescein labeling reagent. Oxidized cysteines,
whether disulfides or higher oxidation states of sulfur,
cannot be labeled; thus, as the concentration of ONOO™
increases, the incorporation of fluorescein into tau and
MAP?2 decreases. Fig. 1B shows a decrease in IAF label-
ing of both tau and MAP2 for those samples treated
with oxidants (lanes 2 and 4). Multiple tau isoforms de-
rived from a single gene can be seen in the region
marked “tau” in Fig. 1B [28]. Likewise, the band
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Fig. 1. Oxidation of tau and MAP2 cysteines. (A) DTNB assay. Heat-
stable porcine MAPs (1.9 pg/ul, 40 ul) were treated with 0.1 M NaOH
(control), ONOO™ in 0.1 M NaOH for 5 min or H,O, for 20 min at
room temperature. Following the addition of guanidine-HCIl and
DTNB, absorbance values (100 ul total volume) were recorded at
412 nm. (B) Sulfhydryl-specific fluorescein labeling of tau and MAP2.
Heat-stable porcine MAPs (1.2 pg/ul, 20 pl) were treated with 0.1 M
NaOH (control), ONOO™ for 5 min or H,O, for 20 min at room temp
followed by 2.5mM TCEP or 0.1 M phosphate buffer, pH 7.4, for
20 min. Subsequently, all samples were treated with 1.5 mM IAF for
30 min at 37 °C. IAF labeling was terminated by the addition of SDS
gel loading buffer containing BME. Proteins were resolved by SDS—
PAGE on 7.5% gels under reducing conditions, gel images were
digitized, and band intensities were measured using Kodak 1D Image
Analysis software. Lane 1, control MAPs; lanes 2, 0.5 mM ONOO;
lane 3, 0.5mM ONOO™ and TCEP; lane 4, 0.5mM H,0,; and lane 5,
0.5mM H,O, and TCEP.

marked “MAP2” refers to two high molecular weight
isoforms: MAP2A and MAP2B [24]. MAPs cysteine oxi-
dation by 500 uM ONOO™ was slightly greater than for
the 500 uM H,O, sample (lane 4) consistent with the
DTNB results in Fig. 1A.

We also treated MAPs first with ONOO™ or H,0,,
then with TCEP, a phosphine-based disulfide reducing
agent, and finally with IAF. Because TCEP is not a sulf-
hydryl-containing compound like BME or dithiothreitol
(DTT), its presence does not affect the IAF labeling step.
Fig. 1B shows that treatment of oxidant damaged MAPs
with TCEP fully restores IAF labeling to control levels;
tau and MAP2 band intensities in lane 1 (control MAPs)
are equal to those in lane 3 (ONOO /TCEP) and lane 5
(H>O,/TCEP). This observation is consistent with disul-
fide bonds as the only type of cysteine oxidation induced
by the oxidants.

The observation that disulfides were formed by oxi-
dant treatment of MAPs, coupled with our recent work
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showing that the TRS could repair oxidized MAPs, led
us to ask if oxidized tau and MAP2 were substrates for
the GRS [9]. Fig. 2 shows the results of the GRS repair
assay after SDS-PAGE separation of the fluorescein-la-
beled MAPs proteins. As expected, fluorescein labeling
of both tau and MAP2 is reduced following the addi-
tion of 0.5mM ONOO™ relative to control MAPs
(Fig. 2, lanes 1 and 2). Treatment of ONOO™ damaged
MAPs with TCEP restored thiol groups that were then
labeled by IAF (lane 3). Treatment of ONOO™ dam-
aged MAPs with the complete GRS (Fig. 2, lane 4) re-
stored fluorescein labeling of tau and MAP2 to 90%
and 92%, respectively, of control whereas TCEP re-
stores labeling of both to 94-97% of control. Repair
of tau and MAP2 was only barely detectable for the
GRS in the absence of Grx, the intermediary protein
shown in Egs. (1) and (2). Because some repair oc-
curred without Grx, oxidized MAPs (P(SS)) must un-
dergo thiol-disulfide exchange with GSH according to
Eq. (4).

P(SS) + 2GSH — PSH, + GSSG 4)

Equimolar concentrations of human and E. coli Grx
were compared in repair assays and identical results
were obtained (data not shown).

Our recently published work on MAPs oxidation and
reduction by the TRS showed that cysteine oxidation
had a profound effect on the ability of MAPs to promote
the assembly of microtubules from purified porcine
tubulin. Fig. 3 shows overlays of microtubule polymeri-
zation curves in which MAPs were pre-treated with oxi-
dants, repaired by the GRS, and then combined with
purified tubulin.

A comparison of control MAPs with ONOO™-trea-
ted MAPs shows a very distinct difference in the kinetics

< + ONOO S

MAP2—» ! = mm [+ ===}
. o !

Fig. 2. Repair of tau and MAP2 cysteines by the GRS. Heat stable
MAPs (1.2 pg/ul, 20 pl) were treated with 0.1 M NaOH (control) or
ONOO™ for Smin at 25°C. After a 20 min treatment with either
TCEP or varying components of the GRS at 25 °C, IAF was added
(2.5mM) and samples were incubated for an additional 30 min at
37°C. MAPs were resolved by SDS-PAGE on a 7.5% gel under
reducing conditions, gel images were digitized, and band intensities
were measured using Kodak 1D Image Analysis software. Lane 1,
control MAPs; lane 2, MAPs treated with 0.5 mM ONOO™; lane 3,
oxidized tubulin treated with 2 mM TCEP; and lane 4, oxidized MAPs
treated with 7 uM E. coli Grx, ] mM GSH, 0.5 mM NADPH, and
0.05 U GR. Lane 5, oxidized MAPs treated with 1 mM GSH, 0.5 mM
NADPH, and 0.05 U GR.
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Fig. 3. Effect of MAPs oxidation and reduction on microtubule
polymerization MAPs (1.2 pg/pl, 20 pl) were treated with 0.1 M NaOH
(control, open square), 0.5 mM ONOO™ (closed triangle), 0.1 M
NaOH (control) and the complete GRS (+) or 0.5 mM ONOO /GRS
(open circle), as described in Materials and methods. Following
oxidation and repair, MAPs were combined with purified porcine
brain tubulin (80 pl, 2.0 pg/ul) and GTP (1.25 mM). Microtubule
polymerization was monitored at 340 nm in a 96-well plate thermo-
stated to 37 °C. These results are representative of two independent
experiments.

of microtubule polymerization. An extended lag phase is
observed for ONOO™-treated MAPs and the maximal
rate of polymerization is also reduced by oxidant treat-
ment. Because ONOO™ decomposes completely within
2 min at neutral pH and oxidant-treated MAPs were
prepared in a reaction separate from tubulin, the ob-
served lag phase cannot be attributed to direct ONOO™
oxidation of tubulin [19].

For those MAPs samples treated with the GRS, a
complication arose because NADPH, which is part of
the repair system, also absorbs at 340 nm, the wave-
length used to monitor microtubule formation by light
scattering. For this reason, the GRS-repaired MAPs
polymerization sample does not show the same kinetics
as control MAPs or even GRS-treated control MAPs.
Oxidized MAPs samples were treated with the GRS
for 20 min; however, repair is not 100% complete (see
Fig. 2) and there is an initial decrease in absorbance
for that sample in Fig. 3 because NADPH is oxidized
because repair continues. Also, as the rate of polymeri-
zation reaches its maximum between 6 and 12 min, oxi-
dation of NADPH may continue. Regardless of these
experimental limitations, oxidant-treated, GRS-repaired
MAPs promote microtubule assembly far better than
oxidized MAPs.

Both ONOO™ and H,0, induce the same change in
assembly kinetics and the effect is reversed by small mol-
ecule reductants, DTT and TCEP, as well as by the GRS
and TRS, endogenous reductases [9]. Thus, cysteine oxi-
dation of MAPs to disulfide species is responsible for the
kinetic changes. Although ONOO™ can damage several
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amino acids in proteins, H>O, can only oxidize cysteines
and perhaps methionine [29]. Although tyrosine nitra-
tion of tau has been reported in AD brain, our work
with H,O, shows that tyrosine nitration of MAPs can-
not be responsible for the change in polymerization
kinetics that we observe [30].

GSH serves as the primary physiologic redox regula-
tor in vivo. GSH can be oxidized by ONOO™ and other
cellular oxidants to its disulfide form, GSSG, and is re-
duced back to GSH by the NADPH-dependent en-
zyme, glutathione reductase [31]. GSH concentrations
in most eukaryotic cells are in the 1-10 mM with a typ-
ical GSH:GSSG ratio of 100-400 [32]. Under normal
physiologic conditions, GSH will protect proteins from
oxidation by reactive oxygen species (ROS). However,
under conditions of oxidative stress, it is hypothesized
that the ratio of GSH:GSSG may decrease to as low
as 1-10 and thus GSH will not be present in sufficient
quantities to prevent oxidative damage to proteins.
Furthermore, GSSG has been reported to undergo
thiol/disulfide exchange with proteins containing re-
duced cysteines [32]. Thus, protein oxidation is likely
when GSSG concentrations increase during oxidative
stress.

Direct thiol-disulfide exchange between oxidized
MAPs and GSH must occur when the GRS, in the ab-
sence of Grx, repairs oxidized tubulin (see Fig. 2, lanes
2 vs. 5). Thus, transiently high concentrations of GSSG
have the potential to undergo thiol-disulfide exchange
with protein thiols according to Eq. (5) which is the re-
verse of Eq. (4).

P(SH), + GSSG — P(SS) + 2GSH (5)

To study thiol-disulfide exchange, heat-stable MAPs
were treated with increasing concentrations of GSSG
at pH 6.9, 7.4 or 8.0. As shown in Fig. 4A, increased
protein cysteine oxidation as determined by IAF label-
ing was observed as the concentration of GSSG in-
creased. As expected, the extent of protein oxidation
was greatest at pH 8.0 which is consistent with attack
of protein thiolates on the disulfide bond of GSSG
[32]. Just below the dye front in Fig. 4A, one can see
the adduct formed when GSH produced in the exchange
reaction reacts with IAF. This product, GS-AF, was
quantitated by HPLC to determine the extent of the ex-
change reaction (Fig. 4B).

We measured the concentration of GSH produced as
a function of GSSG concentration at pH 7.4 and 8.0.
Each protein disulfide formed yields two molecules of
GSH (Eq. (5)). Fig. 4B shows the concentration depen-
dence of GSH production by the reaction of MAPs with
GSSG. The results, showing higher GSH yields at pH
8.0, are consistent with the IAF labeling experiment in
Fig. 4A. For example, the reaction of 2 mM GSSG with
1 mg/ml MAPs for 30 min yielded 53 uM GSH and thus,
26.5 uM protein disulfide at pH 8.0.
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Fig. 4. Thiol-disulfide exchange between heat-stable MAPs and
GSSG. (A) MAPs (1.9 pg/pl, 10 pl) were incubated with increasing
concentrations of GSSG (total reaction volume =20 pl) in 0.1 M
phosphate buffer for 30 min at 37 °C. Lanes 1-4, control, 0.5, 1, and
2 mM GSSG at pH 7.4; lanes 5-8, control, 0.5, 1, and 2 mM GSSG at
pH 8.0. Subsequently, all samples were treated with 1.5 mM IAF for
30 min at 37 °C. Proteins were resolved by SDS-PAGE on 7.5% gels
under reducing conditions, gel images were digitized, and band
intensities were measured using Kodak 1D Image Analysis software.
(B) MAPs (1.9 pg/ul, 20 pl) were incubated with increasing concentra-
tions of GSSG in 0.1 M phosphate buffer at either pH 7.4 or 8.0 for
30 min at 37 °C (40 pl total volume). GSH was converted to GS-AF by
reaction with 1.5 mM IAF for 30 min at 37 °C. The GS-AF adduct was
detected by reversed phase HPLC as described in Materials and
methods. These data represent the average of two independent
experiments performed in duplicate.

Native MAPs were also incubated with millimolar
concentrations of cystine, the oxidized disulfide form
of the amino acid cysteine. At all pH values tested,
6.9, 7.4, and 8.0, MAPs cysteines were oxidized in a
dose-dependent manner with the greatest oxidation at
pH 8.0.

Although the GGSG concentrations used in these
experiments were relatively high, they were required to
demonstrate the reactivity of MAPs thiols with GSSG.
This work is the first to report the reaction of MAPs
thiols and disulfides with GSH/GSSG and the glutare-
doxin reductase system. Ultimately, we will use the reac-
tion with GSH and GSSG to estimate redox potentials
for protein thiols [32].

The results presented herein provide further support
that oxidation of MAP2 and tau cysteines to disulfides
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correlates with alterations in microtubule polymeriza-
tion kinetics. We have determined that MAPs disulfides
are substrates for both the GRS and the TRS, ubiqui-
tous reductase systems. MAPs cysteines may be oxidized
to disulfides and then rapidly reduced by either repair
system. In this manner, shifts in the redox status of a
neuron may modulate microtubule polymerization.
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