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I«B is a sensitive target for oxidation by cell-permeable chloramines:
inhibition of NF-«B activity by glycine chloramine through methionine

oxidation
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Hypochlorous acid (HOCI) is produced by the neutrophil enzyme,
myeloperoxidase, and reacts with amines to generate chloramines.
These oxidants react readily with thiols and methionine and can
affect cell-regulatory pathways. In the present study, we have
investigated the ability of HOCI, glycine chloramine (Gly-Cl)
and taurine chloramine (Tau-Cl) to oxidize I« Bw, the inhibitor
of NF-«kB (nuclear factor «B), and to prevent activation of the
NF-«B pathway in Jurkat cells. Glycine chloramine (Gly-Cl) and
HOCI were permeable to the cells as determined by oxidation
of intracellular GSH and inactivation of glyceraldehyde-3-
phosphate dehydrogenase, whereas Tau-Cl showed no detectable
cell permeability. Both Gly-Cl (20-200 M) and HOCI (50 uM)
caused oxidation of IxBo methionine, measured by a shift in
electrophoretic mobility, when added to the cells in Hanks buffer.
In contrast, a high concentration of Tau-Cl (1 mM) in Hanks buffer
had no effect. However, Tau-Cl in full medium did modify I« Bo.
This we attribute to chlorine exchange with other amines in

the medium to form more permeable chloramines. Oxidation by
Gly-Cl prevented IxBo degradation in cells treated with TNFo
(tumour necrosis factor «) and inhibited nuclear translocation
of NF-«B. IkBa modification was reversed by methionine
sulphoxide reductase, with both A and B forms required for com-
plete reduction. Oxidized IxBo persisted intracellularly for up
to 6 h. Reversion occurred in the presence of cycloheximide, but
was prevented if thioredoxin reductase was inhibited, suggesting
that it was due to endogenous methionine sulphoxide reductase
activity. These results show that cell-permeable chloramines,
either directly or when formed in medium, could regulate NF-«B
activation via reversible I« B oxidation.

Key words: chloramine, hypochlorous acid (HOCI), inhibitor
of nuclear factor kB (IxB), methionine oxidation, methionine
sulphoxide reductase (Msr), nuclear factor k B (NF-xB).

INTRODUCTION

NF-«B (nuclear factor xB) is a major transcription factor that
regulates expression of a large number of genes that code for cyto-
kines, adhesion molecules and other components of the in-
flammatory response [1,2]. In unstimulated cells, NF-«B is
retained in the cytoplasm as a complex with inhibitory proteins
known as I« B (inhibitor of NF-«B) [3]. Upon stimulation, Ix B«
is phosphorylated, ubiquitinated and degraded by the proteasome
[4—-6]. The degradation of Ik B unmasks the nuclear localization
sequence of NF-«B, allowing translocation into the nucleus
and subsequent initiation of gene expression. There has been
considerable interest in the activation of NF-«B by oxidants, but
the physiological importance of this mechanism remains con-
troversial [7,8]. Another oxidative process that inhibited NF-«B
activation by stimuli such as TNFa (tumour necrosis factor «) was
observed in cells treated with taurine chloramine (Tau-Cl) [9]. The
inhibitory action of Tau-CI was consistent with it oxidizing I Bo
at Met®, rendering it resistant to degradation [9,10].

Tau-Cl is formed from taurine and hypochlorous acid (HOCI),
which is generated by the neutrophil enzyme myeloperoxidase.
HOCl is a strong oxidant and an effective bactericidal agent that
can react with a wide range of biological targets.

Tau-NH, + HOC] — Tau-Cl + H,0 1)

Chloramines formed by reaction with amines (reaction 1) retain
the oxidizing capability of HOCI, but are much less reactive
and more selective for thiols and methionine residues [11,12].
Neutrophils contain high concentrations of taurine, and this has
fuelled interest in the formation of Tau-Cl and its reactivity.
However, amino groups on other amino acids react at least as
rapidly as taurine with HOCI [13], so a range of chloramines
could be generated at inflammatory sites. These chloramines are
variably toxic, depending on their cell permeability, as well as
on their reactivity [14,15]. They are also able to interact with cell
signalling pathways, with monochloramine being shown to inhibit
the expression of adhesion molecules [16] and Tau-Cl to down-
regulate the production of various inflammatory cytokines and
adhesion molecules [17-19]. This effect of Tau-Cl could be the
result of inhibition of NF-«B [17]. Such inhibition also provides
a mechanism whereby production of neutrophil oxidants could
dampen down the inflammatory response.

The findings of Kanayama et al. [9] showing that Tau-Cl is able
to oxidize IxBe, an intracellular target, are surprising since we
and others have shown that Tau-CI does not enter cells to any
appreciable extent [20,21]. In their experiments, Ix Ba oxidation
required high concentrations of Tau-Cl, and this was added to
complete cell culture medium. Chloramines undergo chlorine
exchange with other amines and amino acids [22], and it is
therefore possible that Tau-Cl oxidized I«xBe« indirectly via a
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more permeable chloramine generated by chlorine exchange with
an amino compound that is present in the medium (reaction 2).

R-NH, + Tau-Cl — R-NHCI + Tau-NH, 2)

Therefore we hypothesized that chlorine exchange from Tau-Cl
to other amines in medium leads to more permeable chloramines
that are responsible for the IkB oxidation and that permeable
chloramines in the absence of medium would be much more
effective oxidants.

To test this proposal, we compared the effects of Tau-Cl,
glycine chloramine (Gly-Cl) and HOCI, on the NF-«B system in
Jurkat cells, in HBSS (Hanks balanced salt solution) and in com-
plete cell medium. We show that cell permeability is critical, that
low concentrations of Gly-Cl modify I« Ba and prevent NF-«B
translocation to the nucleus, and that Tau-Cl is effective only in
media where chlorine exchange can occur. We have also examined
the ability of the cells to reverse Ik Bo modification and the role
of Msr (methionine sulphoxide reductase).

MATERIALS AND METHODS
Reagents

Cell culture media and supplies were from Gibco BRL, supplied
by Invitrogen. Antibodies directed against IkBa and p65 of
NF-«B were purchased from Santa Cruz Biotechnology. Hoechst
33342 stain was from Molecular Probes, FITC-conjugated anti-
rabbit F(ab’), from Jackson ImmunoResearch Laboratories, and
AP (alkaline phosphatase) and Complete™ protease inhibitors
were from Roche Diagnostics. Reagent HOCI was supplied by
Sara Lee Corp. Other chemicals were purchased from Sigma,
Chemical Co.

Preparation of Tau-Cl and Gly-CI

Chloramines were freshly prepared by mixing taurine or glycine
with HOCI at the molar ratio of 5:1 in HBBS. The 5-fold
excess of amino acid ensured that only monochloramine and no
dichloramine was formed [15]. Chloramine concentrations were
determined spectrophotometrically using &,5, 415M7'.cm™!
[15].

Cell culture and treatment with chloramines

Jurkat T-lymphocytes (A.T.C.C., Manassas, VA, U.S.A.) were
maintained in RPMI 1640 medium supplemented with 10 %
(w/v) heat inactivated foetal calf serum, 100 units/ml penicillin,
and 100 pg/ml streptomycin maintained at 37 °C in a humidified
atmosphere of 5% CO,. Cells were not made quiescent by the
removal of serum before treatment. Before treatment with HOCl
or chloramines, cells were washed three times with HBSS to
remove any potential oxidant scavengers and suspended in HBSS
at 2 x 10° cells/ml. The indicated concentration of oxidant was
added to 1 ml of cells which was incubated at 37 °C for the indi-
cated times. For incubations in medium, chloramines were added
into complete medium containing 2 x 10° cells/ml and immedi-
ately mixed. Reactions were stopped by the addition of excess
methionine or 3,3’-thiodipropionic acid to remove unreacted
chloramines.

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) assay

Cells were lysed by the addition of 0.025 % (v/v) NP-40 (Nonidet
P40) in PBS and centrifuged at 13000 g for 10 min at 4°C to
obtain a cytoplasmic extract. GAPDH activity was assayed in an
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enzymatically linked reaction with phosphoglycerate kinase by
following the oxidation of NADH at 340 nm [23].

GSH measurements

After oxidant exposure, Jurkat cells were treated with 1 mM
monobromobimane for 20 min in the dark to derivatize GSH,
and were analysed using HPLC using a SPHERI-5 ODS 5
micron column (Brownlee Columns, Applied Biosystems) with
fluorescence detection [24]. The retention times and peak areas
from the cell extracts were compared with a standard GSH
solution, derivatized and separated as above.

Western blotting of lxB«

After oxidant treatment, cells were washed three times with ice-
cold PBS and lysed with NP-40 lysis buffer (25 mM Hepes,
pH7.4, 100mM NaCl, 2mM EDTA, 1.6 mg/ml Complete™
protease inhibitors and 0.5 % NP-40) for 15 min on ice. Insoluble
material was removed by centrifugation at 13000 g for 5 min.
Equal amounts of protein from cell lysates were separated by
SDS/15 % PAGE. To detect the small change in the molecular
mass of IkBa due to oxidation, the gel was overrun until I« Ba
came close to the bottom of the gel. The proteins were then
transferred on to a PVDF membrane, and the blots were probed
with antibodies against Ik Ba, according to the manufacturer’s in-
structions. A horseradish-peroxidase-conjugated secondary anti-
body was used to visualize the immunoblotted proteins using
the ECL® (enhanced chemiluminescence) technique (Amersham
Biosciences). Protein concentrations were determined by the
Bradford assay using BSA as a standard (Bio-Rad).

Treatment of cell lysates with AP and Msr

After exposure to 150 uM Gly-ClI for 15 min in HBSS, cells
were collected, centrifuged at 13000 g for 10 min at 4°C and
resuspended in NP-40 lysis buffer. For treatment with AP, cell
lysates (25 ul each) were adjusted to pH 9.8 with 0.1 M NaOH
then mixed with 10 units of AP and incubated at 37 °C for 30 min.
To treat with MsrA/B, a sample of the supernatant (25 ul) was
supplemented with 20 mM DTT (dithiothreitol) and treated with
6 uM MsrA/B (recombinant Staphylococcus aureus MsrA and
MsrB prepared as reported previously [25]). Cell lysates were
incubated for 15 min at 37°C. After these enzyme treatments,
each sample was mixed with loading gel buffer, boiled for 5 min,
separated on a 15 % polyacrylamide gel and Western blotting was
performed as described above.

EMSA (electrophoretic mobility-shift assay)

Nuclear extracts were prepared as described previously [26].
An oligonucleotide probe containing the binding site of NF-«B
(5'-AGTTGAGGGGACTTTCCCAGGC-3') labelled with biotin
(custom-synthesized by Invitrogen) was incubated with 2.5 ug
of nuclear extract for 20 min at room temperature (20°C). The
protein—-DNA complexes were fractionated on a 6% native
polyacrylamide gel run in 0.5x TBE (Tris/borate/EDTA) buffer
and visualized by the Light Shift EMSA kit (Pierce) following the
manufacturer’s instructions.

Immunofluorescence assay for NF-«B activation in Jurkat cells

Cells in 100 ul aliquots were cytospun on to glass slides, fixed
with 4 % (w/v) buffered paraformaldehyde (pH 7.4) for 30 min
followed by blocking and permeabilization for 1 h in PBS with
1% (w/v) BSA and 0.1 % (w/v) saponin at room temperature
[27]. Each cytospin spot was incubated overnight at 4°C with
anti-(NF-«B p65) antibody (Santa Cruz Biotechnology) in a
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Figure 1 (A) GAPDH inactivation and (B) GSH loss in Jurkat cells treated
with Tau-Cl (V) Gly-Cl (®) or HOCI (O) in HBSS for 15 min

To stop the reaction, methionine was added to scavenge any unreacted oxidant. Cytoplasmic
extracts were assayed for GAPDH activity or GSH as described in the Materials and methods
section. Results are means + S.D. for at least three experiments. The GSH concentration in the
control cells was 5.9 nmol.

humidified chamber [27]. After three washes with PBS/1 % (w/v)
BSA, the cells were blocked further with 10 % goat serum for
30 min followed by incubation with FITC-conjugated goat anti-
rabbit antibody at room temperature. After rinsing with PBS, the
slides were counterstained with Hoechst 33342 (10 pg/ml) for
5 min. The slides were then washed, air-dried and mounted with
glycerol and examined using fluorescence microscopy at 40x
magnification.

RESULTS
Permeability and intracellular thiol oxidation by chloramines

Tau-Cl is a charged molecule that has been shown for various
cell types to have low permeability, whereas HOCI and other
chloramines, such as Gly-Cl, can cross cell membranes [15,20].
To confirm that this is the case with Jurkat cells, the activity of
GAPDH, an intracellular thiol enzyme that is particularly sensitive
to inactivation by HOCI and chloramines [28], was monitored.
There was no detectable decrease in GAPDH activity on treating
cells for 15 min in HBSS with up to 200 uM Tau-Cl (Figure 1A).
This contrasts with HOCI, which, under the same conditions,
caused complete inactivation of GAPDH, and with Gly-Cl, where
over 80 % of the activity was inhibited at 200 uM. These results
are similar to those reported for endothelial cells treated with
chloramines [21]. At these concentrations of Tau-Cl and Gly-Cl,
cells show no signs of necrosis or lysis, whereas, at the higher
HOCI concentration (40 uM), cells are targeted for subsequent
apoptosis [29,30].

The intracellular concentration of GSH was also monitored.
There was a dramatic loss of GSH when Jurkat cells were reacted
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Figure2 Concentration-dependent oxidation of I«Be in Jurkat cells treated
in HBSS

Concentration-dependent oxidation of lkBer in Jurkat cells treated in HBSS with (A) Gly-CI (C)
HOC!I or (D) Tau-Cl, assessed after 15 min, the lower panel shows actin as a loading control;
(B) time course of l«Ber oxidation by 100 M Gly-CI; (E) concentration dependence for cells
that were lysed before treating with Tau-Cl for 10 min. All reactions were stopped by the addition
of 1 mM methionine. All cell lysates were assessed for oxidation of lxBa by running samples
by SDS/15 % PAGE for 2.5 h and blotting for I« Be, as described in the Materials and methods
section. Oxidized l«eB (ox l«B) is evident as a slower migrating band.

with low concentrations of HOCI (Figure 1B). Up to 200 uM
Gly-Cl treatment caused an approx. 20 % loss of GSH, while
only minor losses were seen with 1 mM Tau-Cl.

Chloramine-induced modification of l«Bo

The reported oxidation of I« B on Met** was shown to retard the
oxidized protein when run on SDS/PAGE, to form a doublet
with the unoxidized protein [9]. To determine whether the
retardation is chloramine-specific, we characterized the dose-
dependent effects of Gly-Cl, Tau-Cl and HOCI in HBSS. Gly-ClI
at 50-200 uM in HBSS altered the IxBa mobility (Figure 2A),
with significant retardation of IxBoa being detected after
10 min with 100 uM Gly-Cl, and a complete shift to the fully
oxidized form within 60 min (Figure 2B). Oxidation of IxBa
was also seen when cells were treated with 50 uM HOCI
(Figure 2C). Tau-Cl in HBSS caused no change in the IxBo
band (Figure 2D) even at the higher concentrations (1 mM) (Fig-
ure 2D) reported previously to induce oxidation [9,10]. However,
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Figure 3 Concentration-dependent oxidation of IxBe in Jurkat cells treated
in complete medium with (A) Tau-CI (B) Gly-Cl or (C) HOCI for 30 min

Analyses were performed as in Figure 2 with the lower panel showing actin as a loading control.
ox l«B, oxidized I« B.

if Jurkat cells were lysed before treatment, a complete shift to the
fully oxidized form of IkBa was seen even with 1 uM Tau-Cl
(Figure 2E).

When the above experiments were repeated with cells in
medium containing foetal calf serum, Tau-Cl at 2 mM induced
the oxidation of I«kBa (Figure 3A). Gly-Cl and HOCI treatment
also induced the IxBa shift in medium (Figures 3B and 3C),

1 2 3 4 5

but only at concentrations 5—10-fold higher than those shown in
Figure 2 to induce changes in HBSS.

Characterization of chloramine-induced modification of lxBa

The band shift caused by chloramine treatment of Ix Ba was simi-
lar to that associated with the TNFa-stimulated phosphorylation
of Ser* and Ser*®. However, reacting lysates from Gly-CI pre-
treated cells with AP did not affect the altered electrophoretic
mobility of the I« B (Figure 4, lane 5), indicating that it was not
due to serine phosphorylation. Instead, treatment with Msr, which
selectively reduces free or protein-bound oxidized methionine
residues, reversed the band shift completely (Figure 4, lane 10).
There are cysteine residues within I« Ba that are potential targets
for oxidation by chloramines. However, addition of DTT to the
cell extract was unable to reverse the band shift, indicating that
this was not due to reversible cysteine oxidation (Figure 4, lanes 2
and 4).

Non-enzymatic methionine oxidation generates a mixture of
the (R)- and (S)-isomers of the sulphoxide. In the Msr family
of enzymes, MsrA is specific for the (S)-isomer and MsrB for
the (R)-isomer [25,31,32]. A combination of the two enzymes
(MsrA/B) (Figure 4) was required for complete reduction of the
IkB from Gly-Cl-pre-treated cells, while treatment with either
MsrA or MsrB only showed partial reduction (Figure 4B, lanes 8
and 9). These results show that I« Be is oxidized on a methionine
by Gly-Cl and that both (S)- and (R)-methionine sulphoxide are
formed.

Time course of chloramine-induced oxidation of l«Ba

To determine how long the I« Ba remained oxidized, cells were
treated with Gly-Cl, then the reaction was stopped by the addition
of methionine, and the cells were placed back into fresh medium.
The oxidized form of IxBa was evident up to 6 h (Figure 5A).
To determine whether the return of unoxidized Ik Ba was due to
re-synthesis following degradation of the oxidized IkxBa or
to reversal of methionine oxidation, cells were pre-treated with
cycloheximide to stop all protein synthesis before treating
with Gly-ClI and placing back into medium (Figure 5B). Cyclo-
heximide made no difference to the ability of I« Ba to revert to the
unoxidized form, suggesting that it was not due to re-synthesis.
To ascertain whether the gradual disappearance of the retarded
band was due to endogenous Msr activity, DNCB (1-chloro-
2,4-dinitrobenzene) was used to inhibit thioredoxin reductase
[33], which, along with thioredoxin, is required to maintain Msr
activity. When the cells were pre-treated for 10 min with DNCB
before exposure to Gly-Cl, the oxidized IxBa was not reduced,
even after 8 h (Figure 5C).
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Figure 4 Reversal of l«Bo oxidation by Msr

Cells were treated with 150 .M Gly-Cl for 15 min. Lysates from Gly-Cl-treated cells containing 20 mM DTT were treated with 5 g of MsrA, 5 g of MsrB or both enzymes for 15 min at 37°C, or
with 10 units of AP for 30 min. Blots were analysed with anti-l« Ba antibodies as in Figure 2. Similar results were obtained from three independent experiments. ox I« B, oxidized I« B.
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Figure 5 Intracellular persistence of oxidized lxB«

Jurkat cells were pre-treated with 150 .M Gly-CI and, after quenching the chloramine by the
addition of 1 mM methionine, were returned to complete medium for the indicated times. Cell
lysates were assessed for oxidation of lkBe as in Figure 2. (A) Time course for recovery
of IxBa. (B) Effects of pre-treatment with 20 M cycloheximide (CHX) for 1h. ox IxB,
oxidized I«B. (C) Effects of pre-treatment with 30 .M DNCB for 10 min. The histogram
shows relative band densities of cells treated or not with DNCB from four independent
experiments.

Chloramine-dependent inhibition of l«Bo degradation
induced by TNFo

Activation of the NF-«B pathway with agonists such as TNF«
results in serine phosphorylation of IxBw. This initiates the
degradation of Ix Ba and nuclear translocation of NF-«B [34,35].
The phosphorylated band is retarded on SDS/PAGE, but it is
rapidly degraded and does not accumulate. This was evident as
a decrease in intensity of the I« Bo band after Jurkat cells were
stimulated with TNFa in HBSS (Figure 6). Pre-treatment with
Tau-Cl in HBSS did not affect the ability of TNF« to induce
the degradation of the I« Ba band. In contrast, the retarded band
formed in cells exposed to Gly-Cl was not degraded following
TNF« treatment (Figure 6).

Chloramine-induced inhibition of nuclear translocation and
activation of NF-«B after TNFo stimulation

To determine the effect of Gly-Cl-induced inhibition of IxBo
degradation on NF-«kB activity, nuclear extracts were prepared
and an EMSA was carried out. Cells treated with 20 ng/ml TNF«
gave a strong signal indicative of NF-«B binding to the probe

]
o
L

0- . T :
0 Tau-Cl Gly-Cl

Figure 6 Effects of Gly-Cl and Tau-Cl on the response of l«Bo to TNFo

Jurkat cells were pre-treated with 150 .M Tau-Cl or Gly-Cl for 15 min in HBSS then stimulated
with 20 ng/ml TNFe for 30 min. Analyses were performed as in Figure 2. Band intensities were
measured by densitometry and normalized to the untreated control, which was set to 100 %.
Results are means + S.D. for four experiments *P < 0.001, compared with the untreated cells;
all other treatments were not statistically significant.
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Figure 7 Suppression of TNFx-induced nuclear transfer of NF-«B by Gly-Cl

Cells were treated with either Gly-Cl or Tau-Cl, as indicated, for 15 min at 37 °C. Fresh medium
containing TNFe (20 ng/ml) (lanes 1-4) or medium alone (lanes 5 and 6) was added and cells
were incubated for a further 45 min. Nuclear extracts were prepared for EMSA. Lanes 2, 3 and
4 were all from TNFe-stimulated cells. Lane 3, pre-treated with Gly-Cl. Lane 4, pre-treated with
Tau-Cl. Anti-p65 was added to the extract in lane 1, where ss p65 indicates the supershifted p65
subunit of NF-«B, and ns indicates non-specific bands. Lane 7 represents control cells. Similar
results were obtained in three independent experiments.

(Figure 7, lane 2). This was not affected by pre-treating the
cells with Tau-Cl (Figure 7, lane 4). In contrast, the nuclear
transfer of NF-kB was markedly suppressed by pre-treatment for
15 min with Gly-Cl (Figure 7, lane 3). Tau-ClI and Gly-ClI on their
own caused no stimulation of NF-«B activity (Figure 7, lanes 5
and 6).

Translocation of NF-kB was also examined using immuno-
fluorescence. As expected, TNFa stimulation induced NF-«B
activation, as shown by the translocation of the p65 subunit from
the cytoplasm (Figures 8A and 8B) to the nucleus (Figures 8C and
8D). Pre-treatment with Tau-Cl for 15 min before stimulation with
TNFa also showed p65 translocation into the nucleus (Figures 8E

© 2006 Biochemical Society
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.

Figure 8 Effects of Gly-Cl and Tau-Cl on TNFo-mediated translocation of
NF-«B to the nucleus in Jurkat cells

After 30 min of treatment with 100 .«M Gly-Cl or 1 mM Tau-Cl, cells were stimulated with TNFo
(20 ng/ml) for 30 min and analysed for translocation of NF-«B to the nucleus with anti-p65
antibody. (B, D, F and H) show cells that were counterstained with Hoechst 33342 to visualize
the nuclei. (A, B) Jurkat cells without TNFa-stimulation. (G, D) TNFa-stimulated Jurkat cells.
(E, F) TNF-stimulated cells after pre-treatment with Tau-Cl. (G, H) TNFo-stimulated cells after
pre-treatment with Gly-Cl. In (D) and (F), but not (B) and (H), there is co-localization of the
fluorescence-conjugated antibody and nuclear stain.

and 8F). However, when cells were pre-treated with Gly-Cl
(Figures 8G and 8H) and then incubated with TNF«, nuclear
staining was drastically decreased, indicating that NF-« B was not
activated.

DISCUSSION

We have shown using SDS/PAGE and Western blotting of cell
extracts that treatment of Jurkat cells with Gly-Cl causes a shift in
the position of the Ik Ba band. The shift was apparent with 50 uM
Gly-Cl after 15 min, and the proportion of the retarded band
increased with both time and concentration, as more chloramine
entered the cells. A similar band shift was observed with HOCI,
although this occurred at a concentration that was close to being
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toxic to the cells [29]. The retarded band was not degraded
in cells stimulated with TNFa, and pre-treatment of the cells
with Gly-Cl prevented NF-xB migration into the nucleus. In
contrast, no shift of the IxBa band or inhibition of NF-«B
activation was seen when cells were treated with Tau-Cl in HBSS,
even at a 10-fold higher concentration. The important difference
between these oxidants is that Gly-Cl and HOCI, but not Tau-
Cl, are able to oxidize intracellular targets as demonstrated by the
inactivation of GAPDH. HOCI and chloramines readily inactivate
GAPDH, and loss of intracellular activity provides a sensitive
index of cell permeability to these oxidants [21,22]. Our findings
with Jurkat cells are similar to those with endothelial cells and
fibroblasts, which also consume Gly-Cl, albeit slowly, but not
Tau-Cl1[21,36]. We therefore conclude from our results that HOCI
and chloramines can modify Ix B and prevent NF-« B activation,
provided that they can penetrate the cells.

The IkBa mobility changes we observed are the same as
reported by Kanayama et al. [9]. However, in contrast with our
results, they saw these effects in cells treated with Tau-Cl. The
key difference between the two studies is that they added Tau-
Cl to cells in culture medium that contains other amino acids,
whereas we used HBSS. We also saw I«Bo oxidation with high
concentrations of Tau-Cl in medium. These observations can
be explained by the ability of chloramines to undergo trans-
chlorination reactions with other amines in the medium. In the
case of Tau-Cl, this produces more permeable chloramines that are
able to access Ik Ba and cause modifications. Trans-chlorination
was demonstrated directly by Peskin et al. [22] who showed that
mixtures of Tau-Cl and glycine form Gly-Cl within a few minutes.
They also saw oxidation of GAPDH when Tau-Cl was added
to cells in medium, indicating that a cell-permeable oxidant is
formed. Gly-Cl and HOCI were also able to modify Ik Ba when
added to cells in medium, but at much higher concentrations than
were effective in HBSS. This could partly be a result of exchange
reactions that gave less-reactive chloramines. Scavenging of the
oxidants by medium components such as methionine and thiols
would also have decreased their effectiveness.

The mobility shift of the IkBa band after Gly-Cl exposure
was reversed by treating cell extracts with Msr. This provides
further support for the findings of Kanayama et al. [9], who
observed a similar shift in the mobility of recombinant IxBo
when treated with Tau-Cl. They used deletion mutants in which
methionine residues were replaced by alanine to show that Met*
was necessary for the shift and showed by MALDI (matrix-
assisted laser-desorption ionization) MS that Tau-Cl converted
it into the sulphoxide. This shift was able to be reversed when
extracts were treated with MsrA [10]. We found that complete
reversal was possible, but that it required a combination of MsrA
and MsrB. This indicates that Met* was oxidized to both the
(8)- and (R)-isomers of the sulphoxide. Our observation that a
high concentration of DTT in treated extracts did not reverse the
band shift substantiates the conclusion of Kanayama et al. [9] that
oxidation of a cysteine residue was not responsible for the change
in Ik Ba gel mobility.

All of the evidence suggests that methionine sulphoxide for-
mation on IkBa prevents its subsequent ubiquitin-mediated
degradation. We showed that AP treatment had no effect on the
mobility of the oxidized protein, and oxidized IxBa was not
degraded when the cells were activated with TNFw. The suscep-
tible methionine residue is close to the phosphorylation sites at
Ser*? and Ser*. Methionine sulphoxide formation, particularly
if it occurs within helices, can cause major conformational re-
arrangements [37], and it seems most likely that oxidation of
Met® causes structural disruption that makes the protein no longer
a target for kinase action.
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The oxidized I« Ba band persisted for many hours in the Jurkat
cells, but was eventually converted into a single band in the ori-
ginal position. As cycloheximide did not prevent this conversion,
we conclude that it was due to reversal of oxidation rather
than to degradation and resynthesis. Our findings with DNCB-
treated cells are consistent with reversal being due to endogenous
Msr activity. By inhibiting thioredoxin reductase, DNCB would
prevent recycling of the thioredoxin used by Msr as a co-substrate,
thereby preventing the reductase from reducing the sulphoxide on
IkBa.

Methionine is one of the most favoured biological targets
for HOCI and chloramines [11,38]. Met* of IkBa appears to
be particularly susceptible. Oxidation occurred over the same
concentration range of Gly-Cl that inactivated GAPDH, when
less than 20 % of the GSH was oxidized. This implies that the
rate of reaction of Ik Ba methionine in the cell is higher than
that of GSH. As the rates of reaction of Gly-Cl with GSH and
free methionine are approximately equal [11], this facile oxidation
suggests that the environment of Met* in the I« B protein enhances
its reactivity. Furthermore, our results show that, although GSH
is one of the best antioxidants against HOCI and chloramines, it
does not protect I« Bar against oxidation. The sensitivity of Ik Ba
to oxidants such as chloramines, and its ability to be reduced
by Msr raise the possibility of IkBa being a critical cell target
for redox regulation. Although involvement of cysteine residues
in redox signalling is well documented, selective oxidation of
methionine residues as a signalling mechanism has received
less attention. Initial views were that methionine residues act as
an oxidant sink, with Msr activity enabling regeneration [39].
However, as more proteins are shown to undergo functional
changes as a result of methionine oxidation [40,41], a role for
methionine in redox regulation is becoming more likely. Regu-
lation of the NF-«B pathway via I« Ba oxidation is a potential
candidate for this mechanism.

Our results also have significant implications for experimental
studies of chloramines. The cellular effects of a particular chlora-
mine will depend not only on its ability to cross cell membranes,
but also on the presence of reactive molecules in the extracellular
medium. In the more complex systems such as full medium
or serum, where multiple chlorine exchange reactions could
occur, the initial chloramine may not have a major impact on
outcome. Tau-Cl in culture medium has been shown to inhibit NF-
kB-dependent gene expression of iNOS (inducible nitric oxide
synthase) and cytokine production induced by TNF« and to
generally down-regulate the inflammatory process [16—19]. These
effects are likely to be due to secondary chloramines generated
from the medium. They should also occur with other chlora-
mines and cell-permeable compounds such as Gly-Cl or mono-
chloramine. Our results demonstrate further that chloramines
generated by neutrophils at inflammatory sites may play a role
in down-regulating the NF-«kB response in an oxidant-mediated
feedback mechanism.
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