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Reactive oxygen species generated by activated neutrophils
can cause oxidative stress and tissue damage. S100A8 (A8) and
S100A9 (A9), abundant in neutrophil cytoplasm, are exquisitely
sensitive to oxidation, which may alter their functions. Murine
A8 is a neutrophil chemoattractant, but it suppresses leukocyte
transmigration in the microcirculation when S-nitrosylated.
Glutathione (GSH) modulates intracellular redox, and S-gluta-
thionylation can protect susceptible proteins from oxidative
damage and regulate function.We characterized S-glutathiony-
lation of A9; GSSG and GSNO generated S-glutathionylated A8
(A8-SSG) and A9 (A9-SSG) in vitro, whereas only A9-SSG was
detected in cytosol of neutrophils activated with phorbol myris-
tate acetate (PMA) but not with fMLP or opsonized zymosan.
S-Glutathionylation exposed more hydrophobic regions in
Zn2�-bound A9 but did not alter Zn2� binding affinity. A9-SSG
had reduced capacity to form heterocomplexes with A8, but the
arachidonic acid binding capacities of A8/A9 and A8/A9-SSG
were similar. A9 and A8/A9 bind endothelial cells; S-glutathio-
nylation reduced binding. We found little effect of A9 or
A9-SSG on neutrophil CD11b/CD18 expression or neutrophil
adhesion to endothelial cells. However, A9, A9-SSG and A8/A9
promoted neutrophil adhesion to fibronectin but, in the pres-
ence of A8, A9-mediated adhesion was abrogated by glutathio-
nylation. S-Glutathionylation of A9may protect its oxidation to
higher oligomers and reduce neutrophil binding to the extracel-
lular matrix. This may regulate the magnitude of neutrophil
migration in the extravasculature, and together with the func-
tional changeswe reported for S-nitrosylatedA8, particular oxi-
dative modifications of these proteins may limit tissue damage
in acute inflammation.

Neutrophils play important roles in innate immune host
defense against invading pathogens by producing a respiratory
burst that generates reactive oxygen species (ROS)2 via the

NADPH oxidase complex and the myeloperoxidase system (1,
2). However, excessive ROS can lead to oxidative stress, inflict-
ing damage to cells and tissues, thereby amplifying inflamma-
tion (3). ROS also fine-tunes the inflammatory responses,
depending on the circumstances of production and amounts
produced (4), and can induce reversible or irreversible oxidative
modifications to Cys thiols of susceptible proteins. Reversible
modifications may protect proteins against permanent oxida-
tive damage and/or modulate their functions, but excessive
ROS can lead to permanent loss of function and/or cell apopto-
sis and necrosis that may promote pathogenesis (5).
Glutathione (GSH) is an abundant anti-oxidant in cells and

plays a critical role in protection from oxidative damage (6).
Protein S-glutathionylation, the disulfide coupling of a GSH
moiety to Cys residues, is the prevalent S-thiolation reaction in
biological systems (7–8), regulating numerous physiological
processes (9). This modification may be driven by oxidative/
nitrosative stress in the presence of endogenous GSH but can
also persist under basal conditions and in reducing environ-
ments (10–11). It can occur via thiol-disulfide exchange with
oxidized GSH (GSSG) or reaction of oxidative thiol intermedi-
ates such as S-nitrosothiols (SNO) with GSH (12). Removal of
GSH is promoted by reduced thiols and changes in intracellular
redox or is catalyzed by enzymes such as thioredoxin and glu-
taredoxin (13); reversibility is a key determinant of its physio-
logical relevance in regulating protein function (14).
Altered levels of S-glutathionylation in some proteins are

associated with pathologies such as hyperlipidemia (15), diabe-
tes (16), Friedreich’s ataxia (17), diabetes, atherosclerosis, and
cancer (14), and identification of targets and their functional
consequences may be clinically important. Some targets
include transcription factors (Jun, NF-�B), enzymes (creatine
kinase, human immunodeficiency virus-1 protease), and
cytoskeletal proteins (actin, tubulin), all of which influence
critical pathways in growth, differentiation, and metabolism
(7, 12). Phagocytosis induces a respiratory burst in mono-
cytes, resulting in S-thiolation of glyceraldehyde 3-phos-
phate and concomitant loss of activity (18). Glutathionyla-
tion of the p50 and p65 subunits of NF-�B, a transcription
factor with pivotal roles in inflammation and proliferation,
inhibits its binding to promoter regions of genes (19, 20).
S-Thiolated actin was generated in PMA-activated neutro-
phils (21) and may be important in cell spreading and
cytoskeletal organization (22).
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S100A8 (A8, MRP 8, calgranulin A) and S100A9 (A9, MRP
14, calgranulin B) are highly expressed in neutrophils (comprise
�40% of cytoplasmic proteins (23)) and induced in numerous
cells, including monocytes (24), macrophages (25–27), and
keratinocytes (28, 29) by inflammatory mediators or oxidative
stress. A8 and A9 heterocomplexes (A8/A9) are secreted after
neutrophil activation (30) or released as a result of necrosis (31)
and have chemotactic (32), anti-microbial (33, 34), pro-apop-
totic, and anti-proliferative (35, 36) activities. A9mediates neu-
trophil adhesion to fibronectin, fibrinogen, and endothelial
cells via activation of�2 integrins, suggesting a role in leukocyte
transmigration (32, 37). A9may alsomodulate the resolution of
inflammation by suppressing macrophage activity after phago-
cytosis of apoptotic neutrophils (38). A9 suppressed A8-medi-
ated NF-�B activation in murine bonemarrow cells (39). Intra-
cellularly, the heterocomplex transports arachidonic acid (AA)
(40), which is implicated in NADPH oxidase activation (41). A9
enhances A8 binding to tubulin and A8-mediated microtubule
polymerization in resting phagocytes. Phosphorylation of A9,
mediated by p38 MAPK after phagocyte activation, may regu-
late cytoskeletal rearrangements that promote migration, a
property supported by the impaired transendothelial migration
of A9�/� neutrophils (42).

A8 and A9 are readily oxidized by reactive oxygen/nitrogen
species, which promote structural changes that alter their func-
tions.Oxidation ofmurineA8 to disulfide-linked dimers (43) or
intermolecular sulfinamide-linked complexes (44) abolished its
chemotactic activity and the fugetactic activity of human A8
and A9 is regulated by oxidation (45, 46). A8 and A9 are more
susceptible to oxidation by HOCl than low density lipoprotein
(47), and their exquisite capacity to scavenge ROS makes them
primary candidates for protecting cells against oxidative stress
in a localized environment. Recently, we showed that A8 and
A9 are S-nitrosylated by the physiological NO donor S-nitroso-
glutathione (GSNO) in vitro; A8 is more susceptible, and
A8-SNO suppressed mast cell-mediated inflammation by
reducing leukocyte adhesion and extravasation in the rat mes-
enteric microcirculation (48). Moreover, both proteins are up-
regulated in microvascular endothelial cells by proinflamma-
tory mediators such as IL-1� or tumor necrosis factor-� (49),
and oxidative changes in the microcirculation during inflam-
mation may alter functions of these proteins in endothelial
cells.
Here we show that A9 in neutrophils is S-glutathionylated

after activation. S-Glutathionylated A8 (A8-SSG) and A9 (A9-
SSG) were generated with GSNO and GSSG in vitro, whereas
only A9-SSG was detected in neutrophils activated with PMA.
The single Cys3 residue of A9, the site of GSH addition, is pres-
ent only in the full-length form, which accounted for �72% of
total A9 in neutrophils. Structural changes in A9-SSG appar-
ently altered its affinity for complex formation with A8 but did
not affect the capacity of A8/A9 to bind AA. A9 binding to
endothelial cells is implicated in their activation (50); signifi-
cantly less A9-SSG and A8/A9-SSG bound HMEC-1 endothe-
lial cells compared with the unmodified forms, likely due to
differences in protein conformation. Moreover, unlike A8/A9,
A8/A9-SSG did not induce neutrophil adhesion to fibronectin.
We propose that glutathionylationmay protect A9 from oxida-

tive damage in activated neutrophils and may limit leukocyte
exudation in inflammatory lesions.

EXPERIMENTAL PROCEDURES

General—Reagents and chemicals were analytical grade
(Sigma; Bio-Rad), and solvents wereHPLC grade (Mallinckrodt
Baker). GSNO, GSH (reduced form), and GSSG were from
Sigma. Recombinant human A8 and A9 and rabbit IgG raised
against human A9 were produced as described (51); recombi-
nant preparations were stored at �20 °C under argon to pre-
vent oxidation. Liquid chromatographic separations were per-
formed using a non-metallic LC626 HPLC system (Waters,
Milford, MA) monitored at A201–280 with a Waters 996 photo-
diode array or 490 UV-visible detector. C4 and C18 RP-HPLC
columns (300 Å, 5 �m, 250 � 4.6 mm) were from Vydac, The
Separations Group (Hesperia, CA).
Generation and Characterization of A9-SSG—A9 (50 �g,

�3.6 nmol) was incubated with GSNO (1mM) or GSSG (1mM)
with and without CaCl2 (1 mM) or ZnCl2 (50 �M) in Tris buffer
(10 mM Tris-HCl, pH 7.4) at room temperature for 1 h. Prod-
ucts were separated by C4 RP-HPLC in a gradient of 25–70%
(v/v)CH3CN, 0.1% (v/v) trifluoroacetic acid at 1ml/min over 25
min. Fractions with positive A214 absorbance were collected
and lyophilized before LC/ESI-MS analysis. To determine the
site of glutathionylation by peptide mapping, C4 RP-HPLC-
isolatedA9 (�100�g) thatwas previously treatedwithGSSGor
untreated was digested with endoprotease AspN (sequencing
grade; Roche Applied Science) in ammonium bicarbonate (50
mM, pH 8.0, at enzyme to substrate ratio (w/w) of �1:100) at
37 °C for 12 h. Peptide samples (5 �l), injected into buffer A
(98% (v/v) H2O, 2% CH3CN (v/v), 0.1% (v/v) formic acid), were
separated on a XDB C18 column (5 �m, 2.1 � 50 mm; Agilent,
Palo Alto, CA) using a linear gradient of 5–70% buffer B (20%
(v/v) H2O, 80% (v/v) CH3CN, 0.1% (v/v) formic acid) at 150
�l/min over 20 min, and fractions at A214 were collected for
LC/ESI-MS analysis.
Isolation of Full-length and Truncated (A9*) A9 and A9-SSG

from Neutrophils—Human neutrophils (2 � 107/ml) were iso-
lated fromcitrated blood from five individual donors using den-
sity gradient centrifugation with Ficoll-Paque Plus (GEHealth-
care ). Cells were lysed by three freeze/thaw cycles in 100 �l of
PBS and centrifuged at 14,000 � g for 5 min, and supernatants
were immediately separated by C4 RP-HPLC in a gradient of
40–55% (v/v) CH3CN, 0.1% (v/v) trifluoroacetic acid over 25
min to achieve partial separation of the two isoforms. Major
fractions at A214 were collected for LC/ESI-MS analysis, and
relative concentrations of the two isoforms were calculated by
comparison of peak areas over total protein peak area of all
HPLC fractions.
Neutrophils (4� 106/ml) were incubated with 1 �g/ml PMA

(Sigma), 1 �g/ml ionomycin (Sigma), 1 mM EDTA (Sigma), or
the combination in PBS (25 mM phosphate, 250 mM NaCl, pH
7.5) at 37 °C for 15 min and harvested by centrifugation. Alter-
natively, neutrophils were incubated with 1 �MN-formyl-Met-
Leu-Phe (fMLP; Sigma) or opsonized zymosan (0.5 mg/ml pre-
pared according to Markert et al. (52); Sigma) for 15 min at
37 °C. Neutrophil cytosol was separated by C4 RP-HPLC in a
gradient of 25–75% (v/v)CH3CN, 0.1% (v/v) trifluoroacetic acid
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over 25 min to ensure separation of A9 from A8. Major frac-
tions at A214 were collected and lyophilized for LC/ESI-MS
analysis.
Some mass spectra were acquired using a QStar MS system

equipped with a nano-ESI source (QStar Pulsar i, Applied Bio-
systems, Foster City, CA; mass accuracy of �50 ppm). Because
themanyHPLC fractions fromneutrophil lysate sampleswould
require an extensive number of MS runs, masses of proteins
from these samples were determined using LC/MS with single
quadrupole MS (1100 MSD; Agilent, San Jose, CA). Nitrogen
was the nebulizer gas, and samples were ionized at a positive
potential of 4 kV, then transferred to the mass analyzer with a
fragmentor voltage (capillary to skimmer lens voltage) of 225V.
Spectra were acquired overm/z 600–2000, with a cycle time of
2 s. Each series ofmultiple-charged ionwas deconvoluted using
the manufacturer’s software (Chemstation Version A.09.01),
with a mass accuracy of �0.01%.
Immunofluorescence Staining—To examine the possibility

that A9-SSG translocates to specific cellular structures after
activation, neutrophils (2� 106/ml) untreated or treated with 1
�g/ml PMA plus ionomycin, 1 �M fMLP, or 0.5 mg/ml opso-
nized zymosan in PBS for 15min at 37 °Cwere diluted 1:10 (v/v)
in 50% (v/v) BCS (Invitrogen)/RPMI 1640 and centrifuged onto
glass slides at 500 rpm for 5 min using a Cytospin 3 cytocentri-
fuge (Shandon Life Sciences, Astmor, UK). Samples were fixed
with 4% (w/v) paraformaldehyde in PBS, permeabilized with
PBS containing 0.5% (w/v) saponin and 0.1% (w/v) bovine
serum albumin, and then blocked with 1% (w/v) bovine serum
albumin in PBS for 1 h. For double immunofluorescence, cells
were incubated with anti-A9 IgG (5 �g/ml) or normal rabbit
IgG (5 �g/ml) together with murine monoclonal antibodies
againstGSH (5�g/ml;Abcam,Cambridge,MA) or isotype con-
trol (5 �g/ml) for 2 h at room temperature. After washing with
PBS, cells were incubated with Alexa 488-conjugated anti-
mouse IgG and Alexa 568-conjugated anti-rabbit IgG (1:200,
Molecular Probes, Eugene, OR) for 1 h in the dark, washed, and
nuclei-stained with 4�,6�-diamidino-2-phenylindole (0.3 �M in
PBS; Sigma) for 10 min. Confocal microscopy was performed
using an Olympus FV1000 inverted microscope, and images
were processed using Adobe Photoshop 9.0 (Adobe Systems
Inc.).
Ion Binding Activity of A9 and A9-SSG—The 1-anilino-8-

naphthalene sulfonic acid (ANS) fluorimetry was used to eval-
uate whether glutathionylation of A9 affected its ion binding
capacity. ANS (60 �M) was added to A9 or A9-SSG (20 �M) in
Tris buffer in 96-well plates (Greiner) with 1 mM EDTA, 1 mM

CaCl2, 50 �M ZnCl2, or the combination. For Zn2� titration
studies, increasing concentrations of ZnCl2 (0–150 �M) were
used, and emission spectra were measured at 10-nm intervals
between 420–600nm,with an excitationwavelength of 385 nm
on a SpectraMax spectrophotometer (Molecular Devices,
Sunnyvale, CA) using SoftMaxPro software. GraphPad Prism
(V5 Windows GraphPad, San Diego, CA) was used to fit non-
linear regression curves using the Hill equation. Values are
reported as relative ANS-A9 fluorescence after background
subtraction of ANS with divalent cations or EDTA.
AA Binding Capacity of A8/A9 and A8/A9-SSG—To deter-

mine whether glutathionylation of A9 affected its AA binding

capacity, A8 and A9 or A9-SSG (100 �M) were incubated with
50 �M AA, and binding was carried out as described (53) with
some modifications. Supernatants (200 �l) of samples after
incubation with 50% (v/v) hydroxyalkoxypropyl dextran type
VI (Sigma) suspension to remove unbound AA were separated
by C18 RP-HPLC in a gradient of 40–80% (v/v) CH3CN, 0.1%
(v/v) trifluoroacetic acid over 50 min. HPLC separation of A8,
A9/A9-SSG, and AA generated peaks absorbing at A214 that
were collected for LC/ESI-MS analysis. Relative abundance of
AA, A8, A9, or A9-SSG was determined from the calculated
area of their corresponding peaks. AA binding affinities of
A8/A9 and A8/A9-SSG were assessed as the ratio of peak area
of bound AA over peak area of A8.
Expression of �2 Integrin and Neutrophil Adhesion—To

examine the effect of A9 glutathionylation on �2 integrin
expression, human dextran-sedimented white blood cells (1
ml) from 6 individual donors were washed twice in 20 mM

HEPES, pH 7.5, in HBSS containing 1 mM Ca2�, 1 mM Mg2�,
and 10 �M Zn2� before incubation (�5 � 104 cells; 50 �l) with
A9, A9-SSG, or fMLP (1 �M) for 30 min at 37 °C. Phyco-
erythrin-conjugated anti-CD11b (BD Biosciences), anti-CD18
(BD Biosciences), anti-CBRM (activation-specific CD11b
epitope; eBiosciences, San Diego, CA) antibodies or appropri-
ate IgG isotype controls (BD Biosciences) were added for 15
min at room temperature, and cells were washed and fixed in
2% (w/v) paraformaldehyde and analyzed using a FACScan flow
cytometer (BD Biosciences). In all experiments 10,000 events
were collected from a large gate that included polymorphonu-
clear cells but excluded monocytes, lymphocytes, and debris.
A9 induces neutrophil adhesion to fibronectin (37), and to

investigate if glutathionylation affected this, the Real-time Cell
Analyzer xCELLigence system (Roche Applied Science) was
used to monitor neutrophil adhesion (54). 96-well E-Plates,
which contain electrodes that measure cell index (CI) based on
impedance (CI correlates with the number of cells attached)
(54), were coated with 50 �g/ml fibronectin (Sigma), incubated
at 4 °C overnight, then blocked with 1% (w/v) bovine serum
albumin/PBS for 2 h. Neutrophils (5� 106 cell/ml) from 3 indi-
vidual donors were treated with A8, A9, A9-SSG, A8/A9,
A8/A9-SSG (1 and 2.5 �M), or fMLP (1 and 2.5 �M) in 1% (w/v)
bovine serum albumin/RPMI 1640 and immediately trans-
ferred to each well (100 �l/well; 5 � 104 neutrophils/well). CI
was measured every 15 s for 2 h and directly relates to the
numbers of neutrophils that adhered to fibronectin. Treat-
ments were performed in triplicate; mean CI values�S.D. were
obtained using Real-time Cell Analyzer Software 1.2 (Roche
Applied Science).
Effect of A9 and A9-SSG on Neutrophil Adhesion to

HMEC-1 Microvascular Endothelial cells (provided by Prof.
L. M. Khachigian, University of New SouthWales) was investi-
gated. HMEC-1 were cultured in MCDB 131 media (Invitro-
gen) supplemented with 10% (v/v) fetal bovine serum, 10 ng/ml
epidermal growth factor (Sigma), and 1 �g/ml hydrocortisone
(Sigma) (55) in 96-well plates, and neutrophil binding was
assayed as described (32).
A9 andA9-SSG Binding and Activation of HMEC-1—A9 and

A8/A9 are reported to bind and activate endothelial cells (50),
and to investigate the effect of A9 glutathionylation on binding,
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A8, A9, A9-SSG, A8/A9, or A8/A9-SSG (1 �M) were incubated
with HMEC-1 in 96-well plates for 2 h at 37 °C. Plates were
washed, incubated with biotinylated anti-human A9 IgG (5
�g/ml) in PBS for 1 h, and developed as described (48).A450 was
measured (Titertec Multiscan MCC/340; Labsystem, Helsinki,
Finland), and data were normalized to the total absorbance of
each experiment after background subtraction.
To determine whether A9-SSG altered expression of some

inflammation-associated genes reported to be induced by A9
(50), HMEC-1 were plated onto 12-well plates (2.5 � 105/well),
grown to confluence, and stimulated with A8, A9, A9-SSG,
A8/A9, A8/A9-SSG (20 �M), tumor necrosis factor-� (25
ng/ml), ormedia control for 6, 12, or 24 h before extracting total

RNA with Trizol (Invitrogen). RNA
was isolated, and real time reverse
transcription-PCR was performed
as described (26) using the following
primers: �-actin, 5�-CATGTA-
CGTTGCTATCCAGGC-3� and
5�-CTCCTTAATGTCACGCAC-
GAT-3�; IL-8, 5�-GCCTTCCTG-
ATTTCTGCAGCT-3� and 5�-T-
GCACTGACATCTAAGTTCTT-
TAGCAC-3�, ICAM-1, 5�-AGA-
GGTCTCAGAAGGGACCG-3�
and 5�-GGGCCATACAGGACA-
CGAAG-3�; VCAM-1, 5�-GCTGC-
TCAGATTGGAGACTCA-3� and
5�-CGCTCAGAGGGCTGTCT-
ATC-3�. Relative mRNA levels in
duplicate samples were obtained
using the �CT method and normal-
ized to �-actin as the endogenous
control.
Statistical Analysis—Data were

analyzed using analysis of variance
(ANOVA) (or repeated measures
ANOVA when neutrophils from
different blood donors were used)
followed by Dunnett’s post-test to
compare differences between
treatment and control or by the
Bonferroni post-test for multiple
comparisons. All values are
reported as the means � S.D. Sta-
tistical significance was set at
p � 0.05.

RESULTS

Characterization of A9-SSG—Re-
combinant A9 treated with GSNO
or GSSG was eluted from C4
RP-HPLC, and masses were deter-
mined. Both generated an addi-
tional component with a retention
time of 15.95 min compared with
untreated A9, which contained two
components (Fig. 1A), the masses of

which corresponded to A9monomer (retention time 16.3 min)
and disulfide-linked dimer (retention time 16.8min). This indi-
cated some spontaneous oxidation of A9, and GSSG treatment
increased relative abundance of the dimer (retention time,
16.8 min).
The deconvoluted ESI mass spectra (insets) of the uncharac-

terized component generated by GSNO (Fig. 1B) or GSSG (Fig.
1C) indicated a major product of 13,560 Da, identical to the
theoretical mass addition of GSH (�307 Da) and subsequent
loss of two hydrogen molecules (�2 Da) on recombinant A9
(13,255 Da). An additional modification, likely corresponding
to A9-SNO (13285 Da), with mass addition of NO and loss of a
hydrogen molecule (�29 Da) was also generated by GSNO

FIGURE 1. Characterization of A9-SSG. A, two peaks with retention times of 16.3 min and 16.9 min were
observed when recombinant human A9 (black) was separated by C4 RP-HPLC. Separation of GSNO- (gray) and
GSSG-treated (dashed line) A9 generated an additional peak with retention time of 15.95 min (peaks 1 and 2,
respectively). Deconvoluted masses were derived from the ESI mass spectra (insets) of multiply charged ions of
peaks 1 (B) and 2 (C). In GSNO-treated A9, masses corresponding to A9 (13,255 Da) and likely to A9-SNO (13,285
Da; �30 Da) were observed. GSNO and GSSG both generated a major component of 13,560 Da, equivalent to
the theoretical mass of A9-SSG, and a minor component of 13,577 Da, that may correspond to oxidation of a
single Met residue in A9-SSG.

S100A9 Is Glutathionylated in Neutrophils after Activation

14380 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 19 • MAY 7, 2010

 at U
niv of N

ew
 S

outh W
ales (C

A
U

L), on M
ay 19, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/content/suppl/2010/03/11/M109.075242.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


treatment, although A9-SSG was more abundant (ratio 1:3.75)
(Fig. 1B). MS analysis of the A91–30-SSG peptide, generated
after AspN digestion of A9-SSG, indicated a mass increase of
305Da (3737Da) comparedwith the theoreticalmass of A91–30
(3431 Da) (not shown), suggesting the site of glutathionylation
to be Cys3. Other modifications were mass additions of 16 and
321 Da, likely corresponding to oxidation of a single Met resi-
due to methionine sulfoxide in A9 (13271 Da; Fig. 1C) and
A9-SSG (13577 Da; Fig. 1, B and C). A9-SSG products were
generated in similar yields when A9 was treated with GSSG in
the presence of Ca2� and/or Zn2�. GSH (1 mM) spontaneously
converted Cys3-A9-SSG to the natural A9 monomer with
�65% conversion within 1 h (not shown).
Relative Abundance of A9 and A9* in Neutrophils—Two iso-

forms of A9, the full-length and the truncated (A9*) form (Fig.
2A), are found in neutrophils, the latter generated from an
alternate translation start site atMet5 (56), but there is no infor-
mation concerning their relative abundance. The isoforms
were partially resolved by C4 RP-HPLC, with retention times of
13.1 min (peak 1) and 14 min (peak 2) (Fig. 2B). The deconvo-

luted ESI mass spectra of peak 1 (Fig. 2C) and peak 2 (Fig. 2D)
indicated components of 13,152 and 12,690 Da, identical to the
theoretical masses of A9 after removal of the N-terminal Met
residue and acetylation of Thr2, and of A9* after theN-terminal
Met removal and Ser6 acetylation as described (57). Masses
likely corresponding to Met oxidation on A9 (13,169 Da) and
A9* (12,705 Da) were also detected. To determine the relative
abundance of A9 and A9*, neutrophil cytosol from 5 healthy
donors was separated, and areas under the HPLC peaks indi-
cated that full-length A9 was the predominant form, constitut-
ing �71.9 � 1.05% of total A9.
S-Glutathionylation of A9 Is Generated by Neutrophil

Activation—A8 and A9 in neutrophil cytosol were readily sep-
arated by C4 RP-HPLC, with retention times of 15 and 16 min,
respectively (Fig. 3A). PMA (Fig. 3B) or PMA plus ionomycin
(Fig. 3C) treatment generated additional components with
retention time of 15.7 min (Fig. 3A, ‡). The ESI mass spectra
(insets) of these, when deconvoluted, contained products with
masses of 13,152 and 13,457Da, likely corresponding to A9 and
A9-SSG (mass addition of GSH (�307 Da), and loss of two
hydrogen molecules (�2 Da)). Retention times and masses of
native A9 and A9-SSG were different from those of the recom-
binant proteins (Fig. 1, B and C) because of the additional Gly
and Ser residues engineered to produce a thrombin cleavage
site in the recombinant protein (51) and the post-translational
processing in the native protein (57).
Additional A9 adducts were also generated; masses and pro-

posed modifications are shown in Table 1. These may corre-
spond to cysteinylation (13,272 Da; �120 Da) after activation
with PMA plus ionomycin, oxidation of a single Met residue in
A9 tomethionine sulfoxide (13,168Da;�16Da) orMet sulfone
(13,185 Da; �33 Da), phosphorylation of a single residue and
methionine sulfoxide (13,249 Da; �97 Da), and an uncharac-
terized modification of �283 Da. Products with masses corre-
sponding to A9-SSGwere not found in the cytosol of untreated
neutrophils or those treated with ionomycin alone, although
possible A9 modifications in ionomycin-treated neutrophils
includedmethionine sulfoxide and sulfone and disulfide-linked
A9 (not shown). Contrary to earlier studies (58), we found no
evidence of A9 phosphorylation (theoretical mass addition of
80 Da) promoted by ionomycin.
fMLPor opsonized zymosan generated severalmodifications

in A9, although products with masses corresponding to
A9-SSG were not detected. Products with masses possibly cor-
responding to phosphorylated A9, Met oxidation to methio-
nine sulfoxide and sulfone, and the disulfide-linked dimer were
found in preparations from fMLP-treated neutrophils. Opso-
nized zymosan predominantly generated products that likely
corresponded to disulfide-linked A9 dimer. Some products
with masses similar to phosphorylated A9 and Met sulfone
were detected in low abundance (Table 2).
Co-localization of A9 andGSH inActivatedNeutrophils—A9

translocates with A8 from the cytoplasm to cytoskeletal com-
ponents in the plasma membrane of phagocytes after stimula-
tion with agents that increase [Ca2�]i (59, 60) and/or promote
activation (61). Immunofluorescence staining was performed
to investigate possible A9 co-localization with GSH in neutro-
phils and whether glutathionylation was co-incidental with

FIGURE 2. C4 RP-HPLC separation of A9 (retention time, 13.1 min; peak 1)
and A9* (retention time 14 min; peak 2) from neutrophil cytosol. A, shown
are the first 20 N-terminal amino acid residues of A9 and A9* protein
sequences, depicting the start Met (Met1 and Met5). B, a representative chro-
matogram of one of five donors is shown. The deconvoluted mass spectrum
of peak 1 (C) indicated a major component of 13,152 Da, corresponding to A9.
The major component of the deconvoluted mass spectrum of peak 2 (D)
indicated a molecular mass of 12,690 Da, corresponding to A9*. Components
with masses of 13,169 Da and 12,705 Da likely correspond to oxidation of a
single Met residue in A9 and A9*, respectively.
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translocation of A9 in activated
cells. Strong red fluorescence was
evident in the cytoplasm of
untreated neutrophils stained with
anti-A9 IgG (Fig. 4A, upper panel),
consistent with its high constitutive
expression in these cells (62). Strong
GSH reactivity (green fluorescence,
Fig. 4A, middle panel) was also
detected, in agreement with the
expected high intracellular GSH
concentrations (63). The merged
image (Fig. 4A, lower panel) shows
some overlapping A9 and GSH
reactivity in the cytoplasm and
around the cell membrane. The
anti-GSH antibodies (Abcam) rec-
ognize free intracellular GSH and
glutathionylated protein com-
plexes, and co-localization of
staining may indicate low levels of
glutathionylated A9 complexes in
unstimulated neutrophils. How-
ever, A9-SSG was not detected in
untreated neutrophils by ESI-MS
but may have been generated tran-
siently or as a consequence of neu-
trophil adhesion during slide prepa-
ration or be present in amounts
below the level of detection using
ESI-MS. No reactivity (inset, Fig.
4A) was apparent in neutrophils
stained with rabbit IgG and IgG2a
isotype control.
Contrary to studies reporting

Ca2�-dependent translocation of
A9 to the plasmamembrane in acti-
vated phagocytes (64), no changes
in staining patterns were observed
in neutrophils treated with PMA
plus ionomycin or fMLP compared
with untreated cells. A9 and GSH
reactivity (red and green fluores-
cence, respectively) was seen in the
cytoplasm and around the cell
membrane (Fig. 4B) of PMA and
ionomycin-treated neutrophils, and

FIGURE 3. C4 RP-HPLC separation of neutrophil cytosol and identification of A9 adducts. A, an additional
component (‡) with a retention time of 15.7 min was generated when cytosol of neutrophils treated with PMA
(gray) or PMA plus ionomycin (dashed line) were separated and compared with untreated (black) cells. Several
A9 adducts (Table 1) were observed when the ESI mass spectra (insets) of the peak (‡) from PMA (B)- and PMA
plus ionomycin (C)-treated neutrophils were deconvoluted. A component of 13,457 Da was observed in both
and may correspond to A9-SSG. Results are representative of separations of neutrophil cytosol preparations
from three normal donors.

TABLE 1
The deconvoluted masses of A9 adducts and their proposed modifications from ESI mass spectra of PMA- and PMA plus ionomycin-treated
neutrophils

PMA-treated neutrophils PMA � ionomycin-treated neutrophils
Mass Possible modifications Mass Possible modifications

Da Da
13,152 Full-length A9 13,152 Full-length A9
13,168 �16 Da; oxidation to Met sulfoxide 13,168 �16 Da; oxidation to Met sulfoxide
13,185 � 33Da; oxidation to Met sulfone 13,272 �120 Da; cysteinylation
13,249 � 97 Da; phosphorylation and oxidation to Met sulfoxide 13,435 �283 Da; unknown modification
13,435 �283 Da; unknown modification 13,457 �305 Da; glutathionylation
13,457 �305 Da; glutathionylation
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the merged image (Fig. 4B, lower panel) indicates strong co-
localization of A9withGSH. Similar A9 reactivity was observed
in fMLP-treated neutrophils (Fig. 4C, upper panel), although
the staining intensity for GSH was less (Fig. 4C,middle panel),
and the merged image (Fig. 4C, lower panel) indicates little
co-localization of A9 andGSH reactivity, which was principally
intracytoplasmic.
When neutrophils were activated with opsonized zymosan,

A9 (Fig. 4D, upper panel) and GSH (Fig. 4D, middle panel)
localized around the zymosan, possibly in phagosomal mem-
branes. Although A9-SSG was not detected in neutrophils
treated with opsonized zymosan, the strong overlap of A9 and
GSH reactivity in the merged image (Fig. 4D, lower panel) sug-
gests co-localization, possibly associatingwithmembrane com-
ponents that would not have been present in the cytosolic frac-
tion used for separation and ESI-MS analysis.
Ion Binding Affinity of A9 and A9-SSG—S100B and S100A1

are susceptible to glutathionylation (65), and S100A1-SSG had
increased affinity for Ca2� (66). To address whether A9 gluta-
thionylation altered its ion-bound structure and its affinity for
bivalent cations, Ca2�- and Zn2�-dependent changes in the
hydrophobic matrices of A9 and A9-SSG were determined

using ANS fluorescence. Compared with the apo (unbound)
forms, Ca2�-bound A9 and A9-SSG showed similar increases
in fluorescence, indicating that Ca2� binding induced similar
conformational changes in the tertiary structures of both forms
(not shown). In contrast, the larger increase in fluorescence
observed for Zn2�-boundA9-SSG comparedwithZn2�-bound
A9 (Fig. 5) indicates that Zn2�-induced conformational
changes in A9-SSG likely exposed more hydrophobic regions
on the protein surface compared with those generated with A9.
Effects were additive with increasing concentrations of Zn2�.
A9 had a Zn2� disassociation constant (Kd) of 11� 0.4 �M, and
A9-SSG had a similar Kd value of 8.9 � 0.1 �M (Fig. 5), suggest-
ing no apparent difference in their Zn2� binding affinities.
AA Binding Affinity of A8/A9 and A8/A9-SSG—The Ca2�-

dependent interaction of A8/A9 with AA is specific for the het-
erocomplex and is inhibited by Zn2� and Cu2� (41, 67), possi-
bly because these ions induce structural changes that regulate
AA binding. Considering the structural differences in Zn2�-
boundA9-SSGandA9,we examined if AAbindingwas affected
but found that A8/A9 and A8/A9-SSG bound AA with similar
capacities (not shown).
Effect of A9 and A9-SSG on Integrin-dependent Neutrophil

Adhesion to Fibronectin and HMEC-1—A9-SSG may be
secreted after neutrophil activation or released by necrotic neu-
trophils and may mediate specific extracellular processes.
Given the highly oxidizing conditions in the extracellular space
in inflammation, A9-SSGmay remain relatively stable andmay

FIGURE 4. Immunofluorescence staining of A9 and GSH in neutrophils.
A, A9 (upper panels; red) and GSH (middle panels; green) were detected in resting
neutrophils, predominantly in the cytoplasm, and around the cell membrane.
An overlay of the two images (lower panels) with 4�,6�-diamidino-2-phenylin-
dole staining for nuclei (blue) indicates co-localization of A9 with GSH. Nega-
tive control antibodies, rabbit IgG, and IgG2a isotype control, showed no
background fluorescence (inset). B, A9 and GSH were detected in the cyto-
plasm and around the cell membrane of PMA plus ionomycin-treated neutro-
phils; the merged image indicates co-localization of A9 with GSH. C, A9 was
observed in the cytoplasm and around the cell membrane of fMLP-treated
neutrophils, whereas GSH was mainly cytoplasmic, and little co-localization
was obvious. D, in neutrophils activated by opsonized zymosan, A9 and GSH
were located predominantly around the cell membrane and the phagosome
containing zymosan. The merged image indicates co-localization of A9 with
GSH. Scale The bar 	 28 �m; magnification, 1000�. Results are representative
of cells from two donors that had undergone the same treatments.

FIGURE 5. Zn2�-induced structural changes in A9 and A9-SSG. A larger
change in fluorescence intensity was observed in A9-SSG (F) compared with
A9 (E) upon the addition of increasing doses of Zn2�. Zn2� binding affinities
of the two forms were similar; A9-SSG had a Zn2� binding constant (Kd) of
8.9 � 0.1 �M, and A9 had a Kd of 11 � 0.4 �M. Results shown are the averages
of duplicate wells and are representative of three experiments.

TABLE 2
The deconvoluted masses of A9 adducts and their proposed modifications from ESI mass spectra of fMLP- and opsonized zymosan-treated
neutrophils

fMLP-treated neutrophils Opsonized zymosan-treated neutrophils
Mass Possible modifications Mass Possible modifications

Da Da
13,152 Full-length A9 13,152 Full-length A9
13,231 �80; phosphorylation 13,179 �27; unknown modification
13,168 �16; oxidation to Met sulfoxide 13,231 �80; phosphorylation
13,200 �49; oxidation to Met sulfoxide and sulfone 26,305 �13152; dimeric A9
13,230 �90; unknown modification 26,384 �13231; dimeric A9 and phosphorylation
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have functions distinct from A9. Because A9 is reported to up-
regulate�2 integrinsCD11b andCD18 (theMac-1 complex) on
neutrophil surface (32, 37) and to promote expression of a high
affinity “activation-specific epitope” (CBRM) on CD11b (68),
we investigated whether glutathionylation altered these func-
tions. Compared with untreated cells, the mean channel fluo-
rescence of CD11b, CD18, and CBRM increased when leuko-
cytes were stimulated with fMLP, confirming up-regulation
and activation of CD11b and CD18 (Fig. 6A, *, p � 0.05). Stim-
ulation of leukocytes with A9 or A9-SSG (n 	 6; separate
donors) generated smaller increases that were not significant
compared with untreated controls (Fig. 6A); neutrophils from
3–6 donors responded weakly to A9, and glutathionylation did
not affect these.
A9 also promotes neutrophil adhesion to fibronectin via �2

integrin activation (37), and although we found no significant
up-regulation of CD11b/CD18, we tested whether glutathiony-
lation of A9 altered adhesion. Real-time analysis of neutrophil
adhesion to fibronectin using the xCELLigence system
(supplemental Fig. 1) showed dramatic linear increases in the
CI of neutrophils treated with fMLP, A9, A9-SSG, or A8/A9;
maximal CI, indicative of saturated adhesion, was observed �1
h after neutrophil treatment. On the other hand, neutrophils
treated with A8/A9-SSG or A8 had low CIs with little obvious
increase compared with untreated cells. The compiled data
from three donors indicated that fMLP significantly increased
neutrophil adhesion to fibronectin in a dose-dependent
manner compared with control (Fig. 6B; *, p � 0.01). A9 and
A9-SSG also dose-dependently increased adhesion to levels
comparable with those induced by fMLP (Fig. 6B; *, p �
0.01). A8 had no effect. A8/A9 promoted neutrophil adhe-
sion to fibronectin to levels similar to those induced by A9 or
A9-SSG (*, p � 0.01), indicating that A8 did not modulate
the effect of A9. In marked contrast, A8/A9-SSG failed to
promote adhesion, and levels were significantly less than
those of A8/A9 (Fig. 6B; **, p � 0.01) and not significantly
higher than untreated control.
We also investigated if A9 glutathionylation affected neutro-

phil adhesion to HMEC-1 cells and found that A9, A9-SSG,
A8/A9, and A8/A9-SSG promoted only slight and statistically
insignificant adhesion, inducing an �3-fold less neutrophil
adhesion compared with fMLP. A8 had no effect (not shown).
Effect of A9 and A9-SSG on HMEC-1 Cells—A8 and A9 may

be deposited onto the endothelium by extravasating leukocytes
(69), andA9binds endothelial cells in aCa2�- andZn2�-depen-
dentmanner via heparin andheparan sulfate proteoglycans (69,
70) and/or carboxylated N-glycans (71). Because A9-SSG was
generated in activated neutrophils, we investigated if glutathio-
nylation affected its capacity to bind HMEC-1 cells. A9,
A9-SSG, A8/A9, and A8/A9-SSG binding was detected using
biotinylated anti-A9 IgG. Significantly more A9 and A8/A9
bound compared with A9-SSG and A8/A9-SSG (Fig. 7A; *, p �
0.01), indicating that glutathionylation reduced A9 binding
capacity. Somewhat more A8/A9 and A8/A9-SSG heterocom-
plexes bound HMEC-1 than the individual A9 subunits, in
accordance with published results showing higher binding
affinity of the complex (55). A9 binding to endothelial cells is
implicated in regulation of leukocyte migration, possibly by

inducing adhesion molecules (50). Hence, we investigated if
A9-SSG affected ICAM-1 and VCAM-1 expression on
HMEC-1. Tumor necrosis factor-� increased ICAM-1 and
VCAM-1mRNA
 1000-fold and IL-8mRNA
 100-fold com-
pared with untreated control (Fig. 7B; *, p � 0.01). However, in
contrast to the previous report (50), we found no ICAM-1,

FIGURE 6. A9 and A9-SSG induce integrin-dependent neutrophil adhe-
sion to fibronectin. A, treatment of dextran-sedimented white blood cells
with fMLP (1 �M; black bars) significantly increased expression of CD11b,
CD18, and CBRM (*, p � 0.05) compared with untreated controls (white bars),
assessed by flow cytometry. A9 (horizontal bars) and A9-SSG (vertical bars)
treatments increased CD11b, CD18, and CBRM expression, but effects were
not significant when compared with untreated controls. Values represent the
mean fluorescence intensities �S.D. of neutrophils from six donors; quanti-
tation is given under “Experimental Procedures”. B, fMLP (checkered bars), A9
(horizontal bars), and A9-SSG (vertical bars) significantly induced neutrophil
adhesion to fibronectin in a dose-dependent manner. A8/A9 (black bar) also
stimulated neutrophil adhesion, but A8/A9-SSG (dark gray bar) and A8 (light
gray bar) had no effect. Data represent CI values � S.D. of neutrophils from
three donors; quantitation is given under “Experimental Procedures.” *, p �
0.01, fMLP, A9, A9-SSG, and A8/A9 compared with the untreated control; **,
p � 0.01, A8/A9-SSG compared with A8/A9.
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VCAM-1, or IL-8 induction by A9 or A8/A9 and no effect of
A9-SSG or A8/A9-SSG (Fig. 7B).

DISCUSSION

Responses of cells to oxidative stress typically involve
changes in thiol content, and S-thiolation is an important pro-

tective mechanism that can regulate functions of susceptible
proteins (9, 72). A8 and A9, abundant in neutrophil cytosol, are
extremely sensitive to oxidation by reactive oxygen/nitrogen
species (43, 47–48), and oxidative modifications alter several
functions (43–45, 73); we proposed that they may act as an
oxidant sink. Human A8 and A9 are induced in neovessels at
inflammatory sites (47) and are readily S-nitrosylated, and
A8-SNO may modulate blood vessel homeostasis (48). Hence,
changes in intracellular/extracellular redox are likely to regu-
late their functional properties.Moreover, their dependence on
IL-10 for induction in activated human monocytes/macro-
phages byTLR-3 and -4 ligands (26) and their enhanced expres-
sion in various cells by anti-inflammatory agents such as corti-
costeroids (25) implicates A8 and A9 in resolution of
inflammation.
S-Glutathionylation is a reversiblemodification that can reg-

ulate functions of numerous proteins (9, 72) including signaling
and adhesion molecules, cytokines, and enzymes associated
with inflammation (for review, see Ref. 14). Thus, glutathiony-
lation of A8 and/or A9, particularly after phagocyte activation,
may have important regulatory implications. However, A9 is
expressed in two forms in neutrophils due to an alternate
translation start site encoding Met5 (56), and truncated A9*
(A95–114) lacks the single Cys present in full-length A9 (Fig.
2A). Relative expression levels of these isoforms may be
important because they are likely to have some functional
distinctions, particularly as A9* would not be S-glutathiony-
lated or S-nitrosylated. We first determined the relative lev-
els of these isoforms in neutrophil cytosol and established
that full-length A9 composed �70% and A9* composed
�30% of total A9.
S-Glutathionylated adducts of recombinant A8 and A9 were

generated by GSNO or GSSG in vitro and confirmed by ESI-
MS; Ca2� or Zn2� did not alter reactivity. Formation was
reversed by GSH (not shown). Glutathionylation with GSSG
likely occurred via thiol-disulfide exchange as proposed (74).
GSNO generated S-nitrosylated and S-glutathionylated A8
(48), and because GSNO can promote S-glutathionylation via
S-nitrosothiol intermediates (75), we tested this possibility and
confirmed generation of A9-SSG (Fig. 1B).
Neutrophil activation generates superoxides via the NADPH

oxidase complex, subsequently producing other ROS (76).
Early studies of S-thiolated proteins in PMA-activated neutro-
phils using Tran35S-labeling demonstrated an �3–5% S-thio-
lation, predominantly glutathionylation, of a 14-kDa protein
that increased over 30min activation andwas reduced by dithi-
othreitol. This is likely to be A9 because the protein was
described as “the most abundant band in neutrophil extracts”
(21). To analyze modifications of A8 and A9 after neutrophil
activation, cytosolic proteins were separated byHPLC and ana-
lyzed by ESI-MS. Products likely corresponding to A9-SSG
were generated by PMA or PMA plus ionomycin stimulation
(Fig. 3, B and C), whereas none was separated from unstimu-
lated cell lysates. Little co-localization of A9 with GSH was
obvious in unstimulated neutrophils (Fig. 4A) but increased
after PMA plus ionomycin stimulation (Fig. 4B), suggesting
A9-SSG complexes. A9-SSG was not detected in the cytosol of
neutrophils activated with opsonized zymosan or fMLP (Table

FIGURE 7. Effect of A9, A9-SSG, A8/A9, and A8/A9-SSG on HMEC-1 binding
and activation. A, significantly more A9 and A8/A9 (black bars) bound
HMEC-1 cells than their glutathionylated forms (A9-SSG and A8/A9-SSG; gray
bars). Data are normalized to total mean absorbance and represent the
means � S.D. of duplicate measurements from five experiments; quantifica-
tion is given under “Experimental Procedures.” *, p � 0.01, A9-SSG compared
with A9, and A8/A9-SSG compared with A8/A9. B, IL-8, ICAM-1, and VCAM-1
mRNA were induced in HMEC-1 cells treated with fMLP but not with A8, A9,
A9-SSG, A8/A9, or A8/A9-SSG. HMEC-1 cells were harvested 6 h post-treat-
ment, and mRNA levels were quantitated. Data are normalized to �-actin and
represent the means � S.D. of triplicate measurements of at least two exper-
iments. *, p � 0.05, fMLP compared with untreated control. TNF, tumor necro-
sis factor-�.
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2), although in opsonized zymosan-activated cells, A9 andGSH
co-localized around the plasma membrane and possibly the
phagosomal membrane (Fig. 4D). Similarly, A9 associates with
neutrophil phagosomes after phagocytosis of antibody- and
complement-coated latex beads (77). Thus, A9 may associate
with GSH in particular cell compartments. Little co-localiza-
tion of A9 with GSH was obvious in neutrophils activated with
fMLP (Fig. 4C), consistent with the apparent absence of
A9-SSG in cytosol extracts from this population. Apart from
actin (21), the subcellular localization of glutathione-protein
adducts in activated neutrophils is virtually unexplored, al-
though studies in other cells indicate their presence in various
compartments (for review, see Ref. 78). Our data suggest that
A9-SSGmay be generated in particular compartments depend-
ing on the stimulus and may have functional differences that
warrant further investigation.
Because of its relative abundance and stability, we focused on

structural characterization and functional consequences of A9
glutathionylation. This modification did not alter its Ca2� or
Zn2� binding affinities, although conformational changes indi-
cated increased surface hydrophobicity upon Zn2� binding
(Fig. 5). Thus, in certain microenvironments, particularly after
neutrophil activation that promotes A9 translocation from the
cytosol to themembrane, glutathionylation of A9may facilitate
interactions with lipid environments withinmembranes (64) or
with other hydrophobic components such as fatty acids (79). In
a preliminary attempt to assess the ability of A8 and A9 to form
complexes using cross-linking, we found thatA9-SSGmayhave
reduced capacity to form the heterocomplex but may preferen-
tially formmore higher order A9 homocomplexes (not shown).
Several intracellular functions are dependent onA8/A9 hetero-
complex formation (53, 80), and differences in the Zn2�-bound
conformation of A9-SSG and its propensity to form homocom-
plexes are likely to alter function. To test this, we examined AA
binding (53) but found that binding capacities of A8/A9 and
A8/A9-SSG were similar.
Formation of thiol disulfides may protect key proteins

including A9 from forming irreversible Cys adducts such as
sulfenic and sulfonic acid derivatives during oxidative stress
(81). This may be particularly relevant given that A9 is secreted
(30) or passively released by dying neutrophils (31) into the
extracellular inflammatory environment (82–83), which is sub-
stantially more oxidizing.
A8 and A9 mediate leukocyte migration to inflammatory

sites (84–85). They are released from neutrophils during
inflammatory responses induced by lipopolysaccharide (85),
IL-1�, and tumor necrosis factor (30, 86) and chemoattractants
such as activated complement, C5a, and fMLP (87). A8/A9 is
deposited on the inflamed endothelium by transmigrating leu-
kocytes (69–70) and may promote leukocyte-endothelial cell
interactions (88). A9, but not theA8/A9 complex, is reported to
promote neutrophil adhesion via �2 integrins (32, 37) and to
bind (69, 71) and activate endothelial cells (50). However, con-
trary to previous reports (32, 37, 68), we found no significant
induction and/or activation of CD11b or CD18 (�M�2 subset
of �2 integrins) on neutrophils stimulated with A9 or A9-SSG
(Fig. 6A). Large variations in leukocyte responses to A9 or
A9-SSG stimulation were observed between donors and could

have contributed to the discrepancies; neutrophils from 3–6
donors responded to A9 in the reported fashion, but glutathio-
nylation had no effect.
Neutrophil adhesion to the extracellular matrix is essential

for neutrophil migration, particularly of the extravasated pop-
ulation (89). A9 increases neutrophil adhesion to fibronectin
(37), a process predominantly mediated by interactions of �1
and �3 integrins with extracellular matrix proteins (89),
although an alternate �2 integrin subset is implicated in
A9-mediated responses (37). We confirmed that neutrophils
stimulated with A9 or A8/A9 were significantly more adherent
to fibronectin, to levels comparable with fMLP; A9-SSG pro-
moted somewhat higher adhesion (Fig. 6B). Inmarked contrast,
adhesion of A8/A9-SSG-treated neutrophils was not signifi-
cantly different from control values (Fig. 6B). Differences in
reactivity of the A8/A9-SSG heterocomplexes may be due to
conformational changes, and A8 was required for negative reg-
ulation. Results here infer that the A8/A9-SSG complex may
limit neutrophil migration in the extravascular compartment,
another protective process that could limit the extent of inflam-
matory exudates. Moreover, significantly less A9-SSG and
A8/A9-SSG bound endothelial cells compared with the
unmodified forms (Fig. 7A). However, in contrast to earlier
studies (50), we found no significant induction of ICAM-1,
VCAM-1, or IL-8 mRNA in HMEC-1 stimulated with A9,
A9-SSG, A8/A9, or A8/A9-SSG over 6 (Fig. 7B), 12, or 24 h
(not shown). A9 also affects endothelial cell integrity and
transendothelial resistance, possibly by disrupting intracellular
junctions (50), and the effects of A9-SSG are worthy of
investigation.
Several additional A9 modifications were observed. Similar

to the generation of disulfide-linked A8 in opsonized zymosan-
activated neutrophils (90), this treatment may produce disul-
fide-linked A9 (Table 2), likely via HOCl and/or H2O2 oxida-
tion, as these oxidants generated similar modifications in
previous studies (43, 91). Thus, particular stimulants that pro-
duce different levels/types of ROSmay determine the oxidative
changes in the S100 proteins.
Products with mass similar to phosphorylated A9 were

detected in fMLP- and opsonized zymosan-treated neutrophils
(Table 2), consistent with earlier reports of Thr113-phosphory-
lated A9 and A9* in neutrophils and monocytes activated with
fMLP (92, 93). Unexpectedly, this was not found in ionomycin-
stimulated neutrophils (23). Amass addition of 97 Da, detected
in A9 from PMA-treated neutrophils (Fig. 3B, Table 1), may
correspond to phosphorylated A9 (�80 Da) containing methi-
onine sulfoxide (�16Da).Mass additions of 16 and 33Da, likely
corresponding toMet oxidation tomethionine sulfoxide or sul-
fone in A9, were consistently detected in PMA-, ionomycin-,
and fMLP-treated neutrophils (Tables 1 and 2). Although
beyond the scope of this study, these modifications are likely to
have important functional consequences (94). Met residues on
the surface of some proteins are exceptionally susceptible to
oxidation and are considered oxidant scavengers (95). Oxida-
tion to methionine sulfoxides in some proteins such as human
immunodeficiency virus-2 protease (96) and�-amyloid peptide
(97) alters their activity, and this can be readily reversed by
methionine sulfoxide reductases (Msr) (98), which are highly
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expressed in neutrophils (99). Full-length human A9 contains
five Met residues (Met5, Met63, Met81, Met83, and Met94), and
their oxidation regulates some functions; Ala substitution of
Met63 or Met83 in A9 abrogated its antifungal activity (73) but
preserved its fugetactic activity (45). Because of its abundance,
Met oxidation of A9 may act as a buffer to protect other pro-
teins from oxidative modifications in neutrophil cytosol. On
the other hand, further oxidation to Met sulfone is a rare mod-
ification described in few proteins to date and is considered
irreversible (100).
Generation of distinct modifications after neutrophil activa-

tion may occur via different activation pathways that produce
various intensities and duration of the oxidative burst (101) and
can be mediated by different mechanisms, possibly dependent
on one- or two-electron oxidation (94). These modifications
may regulate particular functions of A9 at different stages of the
inflammatory response. Phosphorylated A9, generated during
neutrophil activation by receptor-mediated agonists such as
fMLP, may mediate translocation of A8/A9 from the cytosol to
the plasma membrane and cytoskeleton (93) and facilitate
secretion (87). On the other hand, prolonged and intense
NADPH oxidase activity such as that reproduced in PMA-
treated neutrophils (76, 101) may generate A9-SSG, and we
propose that A9-SSG is likely released after necrosis and may
contribute to the reduction of excessive extravascular neutro-
phil accumulation. Taken together with the ability of A8-SNO
to reduce leukocyte transmigration (48), our results support the
proposal that oxidative modifications together with the well
accepted structural interactions between A8 and A9 may be
critical in regulating the magnitude of neutrophil migration in
inflammation and contribute to its resolution.
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