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Background: Hyperbaric oxygen inhibits neutrophil �2 integrin adherence, but mechanisms for reversal are unclear.
Results: Thioredoxin reductase reverses cytoskeletal changes due to hyperoxia when kept in proximity to short filamentous
actin by focal adhesion kinase.
Conclusion: Cell activation causes sequential protein associations with actin to restore integrin adherence function.
Significance: Intermittent hyperoxia can have benefits, and results show why it does not concomitantly inhibit neutrophil
antibacterial functions.

The investigation goal was to identify mechanisms for rever-
sal of actin S-nitrosylation in neutrophils after exposure to high
oxygen partial pressures. Prior work has shown that hyperoxia
causes S-nitrosylated actin (SNO-actin) formation, whichmedi-
ates �2 integrin dysfunction, and these changes can be reversed
by formylmethionylleucylphenylalanine or 8-bromo-cyclic
GMP. Herein we show that thioredoxin reductase (TrxR) is
responsible for actin denitrosylation.Approximately 80%of cel-
lular TrxR is localized to the cytosol, divided between the G-ac-
tin and short filamentous actin (sF-actin) fractions basedonTri-
ton solubility of cell lysates. TrxR linkage to sF-actin requires
focal adhesion kinase (FAK) based on immunoprecipitation
studies. S-Nitrosylation accelerates actin filament turnover (by
mechanisms described previously (Thom, S. R., Bhopale, V. M.,
Yang, M., Bogush, M., Huang, S., and Milovanova, T. (2011)
Neutrophil �2 integrin inhibition by enhanced interactions of
vasodilator stimulated phosphoprotein with S-nitrosylated
actin. J. Biol. Chem. 286, 32854–32865), which causes FAK to
disassociate from sF-actin. TrxR subsequently dissociates from
FAK, and the physical separation from actin impedes denitrosy-
lation. If SNO-actin is photochemically reduced with UV light
or if actin filament turnover is impeded by incubations with
cytochalasin D, latrunculin B, 8-bromo-cGMP, or formylme-
thionylleucylphenylalanine, FAK and TrxR reassociate with sF-
actin and cause SNO-actin removal. FAK-TrxR association can
also be demonstrated using isolated enzymes in ex vivo prepara-
tions. Uniquely, the FAK kinase domain is the site of TrxR link-
age. We conclude that through its scaffold function, FAK influ-
ences TrxR activity and actin S-nitrosylation.

Neutrophil �2 integrin adhesion molecules participate in
regulating neutrophil activation and endothelial adhesion (1).

When animals or humans are exposed to hyperbaric oxygen
(HBO2)2 at 2.8–3.0 atmospheres absolute (ATA), �2 integrins
on circulating neutrophils are temporarily inhibited (2–6).
This action is linked to improved outcomes from inflammatory
and reperfusion injuries in a number of animal models and
clinical trials (2, 6–19). Importantly, hyperoxia does not appear
to cause immunocompromise, contrary to some other integrin-
blocking interventions (2, 3, 20–25). Understanding mecha-
nisms for this combination of favorable effects was the basis for
this line of investigation.
Hyperoxia increases production of reactive species derived

from nitric-oxide synthase and myeloperoxidase, which cause
S-nitrosylation of �-actin (26). HBO2-exposed cells exhibit
greater actin filament (F-actin) turnover, which inhibits �2
integrin clustering and thus �2 integrin adhesion (26). Vasodi-
lator-stimulated protein (VASP) has high affinity for S-nitrosy-
lated short filamentous actin (sF-actin) (27). VASP bundles Rac
1, Rac 2, and cyclic AMP-dependent and cyclic GMP-depen-
dent protein kinases in close proximity to sF-actin, and subse-
quent Rac activation increases actin free barbed end formation.
fMLP and 8-bromo-cyclic GMP (8-Br-cGMP) reverse these
events because they activate, respectively, either cyclic AMP-
dependent or cyclic GMP-dependent protein kinase outside of
the sF-actin pool, which phosphorylates VASP. This reduces
VASP affinity for sF-actin. Decreased VASP binding to actin
resolves the elevated Rac activity and abrogates the augmented
polymerization normally observed with S-nitrosylated actin.
Thus, fMLP and 8-Br-cGMP can restore normal �2 integrin
function. Demonstrating restoration of function with the bac-
terial product fMLP provides a partial explanation for why
HBO2 does not cause immunocompromise despite improving
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outcomes from some inflammatory and reperfusion injuries
(28, 29).
HBO2-exposed neutrophils no longer exhibit elevated con-

tent of S-nitrosylated actin (SNO-actin) after incubation with
fMLP or 8-Br-cGMP (26). Identifying how actin S-nitrosylation
is reversed was the goal for the current research effort. Deni-
trosylation of cytosolic proteins is performed by NADPH-de-
pendent thioredoxin reductases (TrxR) and NADH-dependent
S-nitrosoglutathione reductase. A third enzyme, NADH-de-
pendent lipoamide dehydrogenase, is a part of the �-keto acid
dehydrogenase complex in mitochondria, where it denitrosy-
lates lowmolecular weight S-nitrosothiols; only a small fraction
of the enzyme is found in cytosol (30, 31). There are three TrxR
isoenzymes. TrxR1 is predominantly cytosolic, most TrxR2 is
found in mitochondria, and the third isoenzyme contains an
additional mono-thiol glutaredoxin domain and is mainly
expressed in early spermatids in the testis (32–35). TrxR and
S-nitrosoglutathione reductase cooperate in a complex, con-
joined fashion to regulate cell denitrosylation (36, 37), and there
is also cross-talk between the glutathione and thioredoxin sys-
tems. TrxR, lipoamide dehydrogenase, and glutathione reduc-
tase can reduce the disulfide lipoic acid (5-[1,2]-dithiolan-3-yl-
pentanoic acid) to dihydrolipoic acid, which will denitrosylate
proteins (30).
Bidirectional integrin-actin communications are required

for proper cell functioning, and coordination of many of these
activities involves focal adhesion kinase (FAK) (38). Interac-
tions among many proteins impinge on FAK to control �2
integrin-focal contact turnover (39–41). FAK consists of an
N-terminal FERM (band four point one radixin, ezrin, moesin)
homology domain, followed by a tyrosine kinase domain and a
C-terminal focal adhesion targeting (FAT) domain. The exact
function of FAK in neutrophils has not been clearly defined, but
in most cell types, FAK is predominantly a scaffolding protein.
It appears tomodulate integrin-cytoskeletal associations, and it
may enhance actin polymerization (42–44). Links to the actin
cytoskeleton and regulation of cell motility, proliferation, and
oncogenic transformation involve adaptor proteins, such as
paxillin or talin, that bind integrin cytoplasmic tails and the
C-terminal FAT region of FAK (45–47). TheN-terminal FERM
domain coordinates FAK activation by several growth factors
(48, 49). Adirect interaction betweenFAKand integrins has not
been clearly established, although in vitro the N-terminal
domain binds to sequences in the cytoplasmic tail of � integrin
subunits (47).
The purpose of this investigation was to elucidate the mech-

anism for SNO-actin removal in cells exposed to fMLP or 8-Br-
cGMP. In the course of these studies, a central role forTrxRwas
identified. As work progressed, it became clear that FAK played
a role inmodulatingTrxR intracellular localization and activity.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were purchased from Sigma-Aldrich
unless otherwise noted. N-[6-(biotinamido)hexyl]-3�-(2�-pyridyl-
dithio)propionamide and streptavidin-agarose were purchased
from Prozyme (Hayward, CA). HisPurTM cobalt resin was pur-
chased from Thermo Scientific/Pierce. PF 573228 (3,4-dihydro-
6-[[4-[[[3-(methylsulfonyl)phenyl]methyl]amino]-5-(trifluorome-

thyl)-2-pyrimidinyl]amino]-2(1H)-quinolinone) was purchased
from Tocris/R&D Systems (Minneapolis, MN). Ultrafree-MC
filters, PVDF Immobilon-FL, and ZipTipC18P10 were from
Millipore Corp. Antibodies were purchased from the following
vendors: anti-biotin and anti-actin (Sigma), anti-FAK (BD Bio-
sciences), and anti-TrxR1 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). The following small inhibitory RNA (siRNA)
sequences were purchased from Santa Cruz Biotechnology,
Inc.: a control, scrambled sequence siRNA that will not cause
specific degradation of any known cellular mRNA (UUCUCC-
GAACGUGUCACGU); TrxR1 siRNA, a mixture of three
sequences identified as strand A (CUUGGCUAAUCUACUU-
GAA), strand B (GGAAGCUGUUCAUAACGUA), and strand
C (GAAGCUGUUCAUAACGUAA); FAK siRNA, amixture of
three sequences, strand A (GCAUCCUGAAAUUCUUUGA),
strand B (CCAGUACUCAAACAGUGAA), and strand C
(CGACCAGGGAUUAUGAGAU; S-nitrosoglutathione reduc-
tase siRNA, a pool of three different siRNA duplexes, strand A
(sense, CAUGAAGUUCGGAUUAAGAtt; antisense, UCUU-
AAUCCGAACUUCAUGtt), strand B (sense, GCAUAAUCG-
AGACUGUAAUtt; antisense,AUUACAGUCUCGAUUAUG-
Ctt), and strand C (sense, CAUCCACAUGGGUUUAGAAtt;
antisense, UUCUAAACCCAUGUGGAUGtt); and glutathione
reductase siRNA, also a pool of three different siRNA duplexes,
strand A (sense, CCAUGAUUCCAGAUGUUGAtt; antisense,
UCAACAUCUGGAAUCAUGGtt), strand B (sense, CGAAG-
CUGUUCAUAAGUAUtt; antisense, AUACUUAUGAACAG-
CUUCGtt), and strandC (sense, GUACAUGACAUACACUC-
AAtt; antisense, UUGAGUGUAUGUCAUGUACtt).
Animals—Mice (Mus musculus) were purchased (Jackson

Laboratories, Bar Harbor, ME), fed a standard rodent diet and
water ad libitum, and housed in the animal facility of the Uni-
versity of Pennsylvania. After anesthesia (intraperitoneal
administration of ketamine (100 mg/kg) and xylazine (10
mg/kg)), skin was prepared by swabbing with Betadine, and
blood was obtained into heparinized syringes by aortic
puncture.
Isolation of Neutrophils and Exposure to Various Agents—

Mice were anesthetized, and neutrophils were isolated from
heparinized blood as described previously (26). A concentra-
tion of 5 � 105 neutrophils/ml of PBS plus 5.5 mM glucose was
exposed to either air or 2.0 ATAO2 for 45 min (we have shown
that ex vivo exposures to 1 or 2ATAO2 are equivalent to in vivo
exposures to 2.8 ATA (26)). After air/O2 exposures but prior to
specific studies, cell suspensions were incubated for 10 min
with a chemical agonist or inhibitor or exposed for 5min to UV
light from a 200-watt mercury vapor lamp. Where indicated,
after air/O2 exposures but before studies, cells were incubated
for 20 h at room temperature with siRNA following the manu-
facturer’s instructions using control, scrambled sequence
siRNA that will not lead to specific degradation of any known
cellularmRNAor siRNA specific formouse TrxR1, glutathione
reductase, S-nitrosoglutathione reductase, or FAK. Pilot stud-
ies demonstrated that concentrations of 0.08 nM achievedmax-
imum decreases in protein levels.
Fibrinogen-coated Plate Adherence—Preparation and use of

fibrinogen-coated plates to measure �2 integrin-specific neu-
trophil adherence in calcein AM-loaded cells was as described
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previously (26). Suspensions of 25,000 cells in 100 �l of PBS
were added to plate wells containing either PBS or solutions, so
that once added, cells would be exposed to 100 �M 8-Br-cGMP
or 100 nM fMLP. At the end of the 10-min incubation, wells
were washed, and adherence was calculated as described previ-
ously (26).
Cell Extract Preparation and Biotin Switch Assay—Isolated

neutrophils previously exposed to air (control) or HBO2 were
suspended in 2 ml of HEN buffer (250 mMHepes, pH 7.7, 1 mM

EDTA, 0.1mMneocuproine), sonicated on ice for 30 s, and then
passed through a 28-gauge needle five times. Lysates were cen-
trifuged at 2000� g for 10min, supernatant was recovered, and
samples were made 0.4% CHAPS using the 10% stock solution.
The biotin switch assay was carried out following published
methods, including 20 nM CuCl2, as recommended by others
(26, 50). It should be noted that biotinylation impedes antibody
recognition of actin on Western blots so that small portions of
cell preparation are not subjected to biotin switch procedures
in order to quantify the total amount of actin present in each
cell sample.
Confocal Microscopy—Isolated neutrophils exposed to air or

HBO2 were placed on slides coated with fibrinogen following
published methods (26). Cells were permeabilized by incuba-
tion for 1 h at room temperaturewith PBS containing 0.1% (v/v)
Triton X-100 and 5% (v/v) fetal bovine serum. Cells were then
incubated overnight with 1:200 dilutions of Alexa 488-conju-
gated phalloidin plus primary antibodies to either FAKorTrxR.
The next morning slides were rinsed three times with PBS and
counterstained with a 1:500 dilution of APC and RPE-conju-
gated secondary antibodies. Images of neutrophils were
acquired using a Zeiss Meta510 confocal microscope equipped
with a Plan-Apochromat�63/1.4 numerical aperture oil objec-
tive. Fluorophore excitation was provided by 488- and 543-nm
laser lines, and resulting fluorescencewas separated using 500–
530- and 560–615-nm band pass filters.
Cytoskeletal Protein Analysis Based on Triton Solubility—

Neutrophils were processed following our published protocol
(26). In brief, cells were suspended in 300 �l of cytoskeleton
stabilization buffer (CSK; 25 mM HEPES, pH 6.9, 0.2% Triton
X-100, 1 M glycerol, 1 mM EGTA, 1 mM PMSF, 1 mM MgCl2),
incubated for 10 min at room temperature, and then centri-
fuged at 15,000 � g for 5 min to obtain the Triton-insoluble
pellets. Supernatant was centrifuged at 366,000 � g for 5 min,
and the supernatant Triton-soluble G-actin was set aside. The
Triton-soluble F-actin pellet was resuspended in CSK buffer
and centrifuged at 300 � g for 10 min to remove debris. Where
indicated, both the Triton-soluble and Triton-insoluble pro-
teins were subjected to electrophoresis in SDS-4–15% gradient
polyacrylamide gels and Western blotting (26) or subjected to
immunoprecipitation. Triton-insoluble proteins were dis-
solved with SDS buffer heated to 95 °C and then subjected to
electrophoresis followed by Western blotting.
TrxR Activity—Cell lysates containing 0.75 �g of cell protein

per 20 �l of CSK buffer were analyzed following the method
described byHill et al. (51)withTrxR activity determined as the
difference between the time-dependent increase in 412-nm
light absorbance caused by 5 mM 5,5�-dithiobis(2-nitrobenzoic
acid) in suspensions prepared without versus with 1 �M aura-

nofin (triethylphosphine gold thioglucose tetra-acetate), a
TrxR inhibitor. 5,5�-Dithiobis(2-nitrobenzoic acid) reduction
was calculated using an extinction coefficient of 13.6 � 103

mol�1 cm�1 and expressed as units of activity defined as �mol
of TNB/mg of protein/min.
TrxR Protection of Actin from S-Nitrosylation—Samples of

sF-actin from neutrophils incubated for 20 h with control
siRNAor siRNA toTrxRor FAKwere suspended inHENbuffer
and then divided into two equal samples for incubationwithout
or with 20 �M auranofin plus 200 �M S-nitroso-N-acetyl-DL-
penicillamine (SNAP) for 1 h at room temperature in the dark.
Samples were then made 0.4% CHAPS using the 10% stock
solution and subjected to the biotin switch assay.
Immunoprecipitation of Protein Complexes—Suspensions of

G-actin and short F-actin containing 250 �g of protein were
precleared and then incubated with antibodies (5 �g) on a
shaker overnight at 4 °C, and then 30 �l of 20% (w/v) protein
G-Sepharose (preblocked with 2% BSA) was added and incu-
bated for 1.5 h at 4 °C. Samples were washed twice in CSK
buffer, pelleted, resuspended in 20�l of heated SDS buffer (62.5
mM Tris-HCl, 2% SDS, 10% glycerol, 20% �-mercaptoethanol),
incubated at 95 °C for 15–20 min, and then subjected to elec-
trophoresis and analyzed by Western blotting (26).
Protein and Peptide Analysis—Mass spectrometry (MS) and

protein sequencing of immunoprecipitates were done by the
Proteomics Core Facility of the Genomics Institute and the
Abramson Cancer Center, University of Pennsylvania. Protein
bands were cut fromnitrocellulose paper, trypsin-digested, and
analyzed with a nano-LC/nanospray/LTQ mass spectrometer
following published methods (52). The raw data from MS/MS
spectra were acquired with Sequest and analyzed with Scaffold
3.3. The cut-off value for peptide p values was �95%; for pro-
teins, it was �99.0%.
Ex Vivo FAK-TrxR Interaction—Solutions of rat liver TrxR1

(1 �g/100 �l) and His-tagged human kinase domain of FAK (4
�g/100 �l) were prepared in equilibration buffer (50 mM

sodium phosphate, 300 mM sodium chloride, 10 mM imidazole,
pH 7.4). Prior to use, HisPurTM cobalt resin was washed twice
with SDS buffer and then with elution buffer (50 mM sodium
phosphate, 300 mM sodium chloride, 150 mM imidazole, pH
7.4) followed by four washes with PBS and prepared for use by
suspension in incubation buffer.
Protein interactions were assessed by incubating TrxR solu-

tion (10 �l) with His-FAK solution (50 �l) for 1 h at room
temperature with constant shaking. The mixture was then
combinedwith 100�l of cobalt resin followed by centrifugation
at 700 � g for 2 min. Protein was eluted from the resin by
incubation with elution buffer for 1 h at room temperature and
then centrifuged for 2 min at 700 � g. The supernatant was
combined with 2� SDS buffer for electrophoresis in SDS-4–
15% gradient polyacrylamide gels followed byWestern blotting
(26). Blots were probed for TrxR and FAK.
The effect of FAK on TrxR activity was evaluated following

the assay as described above. Before adding enzymes to buffer
and 5,5�-dithiobis(2-nitrobenzoic acid), however, solutions of
11 �l of incubation buffer containing 0.1 �g of TrxR, 0.1 �g of
TrxR plus 0.06 �g of His-FAK, or TrxR, FAK, and 5 �M PF
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573228were incubated for 10min at room temperature. Results
were expressed as units of TrxR activity.
Statistical Analysis—Results are expressed as the mean �

S.E. for three or more independent experiments. To compare
data, analysis of variance (ANOVA) (and, when appropriate,
two-way ANOVA) was assessed using SigmaStat (Jandel Scien-
tific, San Jose, CA) and Newman-Keuls post hoc test. The level
of statistical significance was defined as p � 0.05.

RESULTS

Neutrophil �2 Integrin-dependent Adherence—The inhibi-
tory effect of HBO2 on neutrophil �2 integrin adherence and
restoration of function after cells were incubated with fMLP or
8-Br-cGMP is shown in the top panels of Fig. 1. These studies
were performed with normal cells exposed only to air (control)
or hyperoxia for 45 min and then incubated overnight with
control siRNA that does not cause specific degradation of any
known cellularmRNA. The results are consistent with previous
reports (26, 27). The second series of panels show that fMLP or
8-Br-cGMP did not restore adherence function if HBO2-ex-
posed cells had been incubated with siRNA to TrxR1. No abro-
gation of the fMLP or 8-Br-cGMP effects occurred, however, if
cellswere incubatedwith siRNA to S-nitrosoglutathione reduc-
tase or glutathione reductase (third and fourth panel sets),
although enzyme depletion was comparable with that caused
by TrxR1 siRNA (Table 1). We also found that incubation with

the TrxR inhibitors 1-chloro-2,4-dinitrobenzene or auranofin
had the same effect as siRNA to TrxR1 (Table 2). We conclude
that TrxR1 is necessary for reversing HBO2-mediated inhibi-
tion of neutrophil adherence.
As mentioned in the Introduction, lipoic acid will denitrosy-

late proteins, and several enzymes can reduce it to maintain its
antioxidant function. In four replicate trials, after HBO2-ex-
posed neutrophils were incubated with TrxR1 siRNA and then
with 1 mM lipoic acid, adherence was 18.2 � 1.6%, and air-
exposed cells treated similarly exhibited 19.5� 1.0% adherence
(no significant difference; NS). Therefore, alternative antioxi-
dant pathways remain intact despite TrxR1 depletion. All con-
trol experiments in this series resulted in similar degrees of
neutrophil adherence. For example, HBO2-exposed cells incu-
bated with control siRNA and then with 1 mM lipoic acid while
on fibrinogen-coated plates exhibited �2 integrin-specific
adherence of 19.2� 0.6%, and air-exposed, control neutrophils
treated similarly exhibited adherence of 20.2 � 0.4% (NS).
Interest in the role FAKmay play in fMLP- and 8-Br-cGMP-

mediated reversal of HBO2-induced �2 integrin inhibition was
prompted by immunoprecipitation and imaging studies
described below. Adherence after neutrophils were depleted of
FAK by siRNA treatment is shown in Table 2. This manipula-
tion abrogated fMLP and 8-Br-cGMP reversal, and a similar
pattern was observed using PF 573228, a small chemical inhib-
itor of FAKkinase activity that interacts at theATP-binding site
(53).
Actin S-Nitrosylation in HBO2-exposed Cells—Prior work

has demonstrated that SNO-actin formation is the proximal
event leading to HBO2-mediated inhibition of neutrophil �2
integrin adherence, and elevation of SNO-actin is not observed
after HBO2-exposed cells are incubated with fMLP or 8-Br-
cGMP (26, 27). Results described above suggested that TrxR
may be necessary for actin denitrosylation in cells incubated
with fMLP or 8-Br-cGMP. S-Nitrosylation of neutrophil pro-
teins was surveyed by the biotin switch assay, which covalently
adds a disulfide-linked biotin to the labile S-nitrosylation sites
on proteins. Western blots were probed with anti-biotin anti-
bodies, and, in keeping with previous work (26), a 42 kDa band
was reliably visualized (Fig. 2). On occasion, a faint band at�34
kDa was identified. Bands cut from nitrocellulose paper and
subjected to amino acid sequencing identified these proteins as
actin and a partially degraded actin fraction, as was reported
previously (26). For serial studies, the magnitude of biotin was
normalized to actin loaded onto the gels. As described under
“Experimental Procedures,” this required Western blotting

FIGURE 1. �2 integrin-specific neutrophil adherence. Data show the frac-
tion of neutrophils in a suspension that became adherent after incubation on
fibrinogen-coated plates. Adherence was measured using neutrophils
exposed to air (control) or 2.0 ATA O2 for 45 min and then incubated for 20 h
with control siRNA or siRNA to TrxR1, glutathione reductase, or S-nitrosoglu-
tathione reductase. The next day, suspensions were loaded with calcein AM,
divided, and placed in wells containing just PBS or PBS plus agonists to
achieve a final concentration of 100 �M 8-Br-cGMP or 100 nM fMLP as
described under “Experimental Procedures.” The percentage adherence was
calculated and compared against identical samples incubated with blocking
antibodies to establish �2 integrin-specific adherence. Data are mean � S.E.
(error bars); n � 10 separate studies using neutrophils from different animals;
*, p � 0.05 versus control siRNA air-exposed cells incubated with just PBS.

TABLE 1
Reduction in specified protein in neutrophils incubated with siRNA
Neutrophils incubated for 20 h with particular siRNA species were compared
against cell samples incubatedwith control, scrambled sequence siRNA thatwill not
lead to specific degradation of any known cellularmRNA.At the end of incubations,
cells were lysed and subjected to Western blotting, and band density for specified
proteins was normalized to the �-actin band on the same blot. Data show the
reduction in protein band density/actin band density for cells incubatedwith siRNA
against TrxR1, NADH-dependent S-nitrosoglutathione reductase (GSNOR), gluta-
thione reductase (GR), or FAK relative to the ratio in cells incubated with control
siRNA. Data are mean � S.E. (n � 4–13) independent samples; values are not
significantly different (ANOVA).

Protein TrxR1 GSNOR GR FAK

Reduction (%) 69.8 � 6.1 79.1 � 11.4 55.5 � 8.4 52.5 � 5.3
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using a separate sample from the cell lysate because the bio-
tinylation procedure obscures protein recognition by anti-actin
antibodies. As with previous studies, if the biotin switch analy-
sis was performed on cell lysates treated with N-[6-(biotinami-
do)hexyl]-3�-(2�-pyridyldithio)propionamide orwith ascorbate
(but not both), with 1 mMHgCl2, or if cells were exposed to UV
light prior to cell lysis and biotin switch, the bands were not
visualized (data not shown).

Fig. 3 shows results for cells incubated with either control
siRNA or siRNA to TrxR1 and then exposed to PBS or PBS plus
8-Br-cGMP or fMLP. SNO-actin was over 3-fold elevated in
HBO2-exposed cells incubated with control siRNA, and this
was reversed by exposure to 8-Br-cGMP and fMLP, consistent
with previous reports (26, 27). If cells were incubated with
siRNA to TrxR1, however, SNO-actin in HBO2-exposed cells
was not decreased by 8-Br-cGMP or fMLP.
These results led us to question whether the SNO-actin con-

tent of neutrophils might be impacted if F-actin turnover was
inhibited. The basis for this idea was that SNO-actin causes a
higher rate of filamentous actin turnover, and 8-Br-cGMP or
fMLP abrogates this process (27). When HBO2-exposed cells
were incubated with cytochalasin D, the 3-fold elevation of
SNO-actin (as shown in Figs. 2 and 3) no longer was observed,
and the SNO-actin/total actin ratio was only 1.10 � 0.06-fold
different from control (n� 5,NS). Incubating control cells with
cytochalasinD also did not alter biotinylation as comparedwith
that in unmanipulated air-exposed cells; the ratio for SNO-
actin/total actin was 1.04 � 0.12 (n � 5, NS).
TrxR Cell Content and Activity—We next compared TrxR

content and activity between control and HBO2-exposed cells.
Western analysis involving equal protein loading on gels dem-
onstrated no difference in theTrxR content inwhole cell lysates
(Fig. 4). Similarly, when cell lysates were fractionated based on
Triton solubility, the majority of TrxR appeared in the Triton-
soluble short filamentous actin fraction. In these analyses, a
second band with slightly greater molecular weight often was
recognized by TrxR antibodies, but in whole cell lysates, a band
with slightly lower molecular weight was seen on occasion. In
the air-exposed, control cells, only 17.5 � 8.5% (n � 8) of TrxR
was in the Triton-insoluble fraction, and in HBO2-exposed
cells, therewas 7.3� 2.5% (NS) in theTriton-insoluble fraction.

Surprisingly, although TrxR content was not significantly
altered in HBO2-exposed cells, TrxR activity in the cytosol was
increased (Table 3). Moreover, the elevated activity was not
found if HBO2-exposed cells were incubated with fMLP or
8-Br-cGMP, cytochalasin D, or latrunculin B or if exposed to
UV light to reverse actin S-nitrosylation after HBO2 (Table 3).

In previous studies, we have reported that in HBO2-exposed
cells, the proportion of �-actin in the cytosolic short F-actin
fractionwas increased, andG-actinwas decreased (26, 27). This
was verified in the current study, where G-actin represented 32
� 3% (n � 8) of total cell actin in air-exposed control cells and
24 � 4% (n � 8, p � 0.05) in HBO2-exposed cells, and short-F
actin comprised 26 � 4% in air-exposed control cells and 43 �
6% (p � 0.05) in HBO2-exposed cells. There was no significant
difference in Triton-insoluble F-actin (42 � 5% in air-exposed
control cells and 33 � 5% in HBO2-exposed cells). Therefore,
we also assess TrxR activity in actin fractions separated by Tri-
ton solubility. Elevated TrxR activity was present in the G-actin
and sF-actin fractions of HBO2-exposed cells (Table 3).
TrxR Immunoprecipitation and MS Identification—Given

that TrxR activity was increased rather than being decreased in
HBO2-exposed cells, we considered that failure ofTrxR to deni-
trosylate actin and restore adherence function with fMLP or
8-Br-cGMP incubation may occur due to alterations in TrxR
association with actin. Initial studies were conducted with neu-

TABLE 2
�2 integrin-specific neutrophil adherence (%); inhibitor effects
Neutrophil suspensions were exposed to air (control) or 2.0 ATA O2 for 45 min
containing just PBS or containing PBS with 50 �M 1-chloro-2,4-dinitrobenzene, or
1 �M auranofin, and then adherence to fibrinogen-coated plates was measured as
described under “Experimental Procedures” and in the legend to Fig. 1. Alterna-
tively, neutrophils were first exposed to air or HBO2 and then incubated for 20 h
with siRNA to FAK before the adherence assay was performed, or they were incu-
bated with 10 �M PF 573228 (FAK inhibitor) along with PBS, fMLP, or 8-Br-cGMP
in the adherence assay. Data are mean � S.E. (n � 3–8 separate studies using
neutrophils from different animals).

Agent Exposure PBS fMLP 8-Br-cGMP

% % %
PBS Air 24.3 � 1.7 23.3 � 1.6 23.2 � 1.6

HBO2 0.2 � 0.1a 23.6 � 1.8 22.4 � 1.5
PBS � DNCB Air 25.2 � 1.8 25.6 � 1.4 25.2 � 2.1

HBO2 0.4 � 0.3a 0.3 � 0.8a 0.8 � 0.7a
PBS � Auranofin Air 21.2 � 0.98 19.9 � 1.3 20.2 � 1.3

HBO2 0.8 � 0.9a 0.8 � 0.9a 0.5 � 0.4a
FAK siRNA Air 20.6 � 0.5 24.0 � 0.6 21.4 � 0.7

HBO2 0.1 � 0.1a 0.4 � 0.2a 0.3 � 0.1a
PF 573228 Air 20.6 � 0.5 23.2 � 0.3 20.3 � 0.7

HBO2 0.4 � 0.2a 2.0 � 0.3a 1.8 � 0.3a
a p � 0.05 versus air-exposed cells incubated with just PBS.

FIGURE 2. S-Nitrosylated �-actin in neutrophil lysates. Neutrophil suspen-
sions were exposed to air (control) or to 2.0 ATA O2 for 15 or 45 min, centri-
fuged, resuspended in HEN buffer, and processed for a biotin switch assay as
described under “Experimental Procedures.” The blots show a representative
experiment; numbers shown on the image represent the -fold increase in
SNO-actin band densities relative to control (air only) neutrophil lysates run
on the same blots. Values are mean � S.E. (error bars) for 4 –10 independent
trials (no significant difference).
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trophil lysates immunoprecipitated using antibodies to TrxR,
and protein bands were imaged by Coomassie staining (Fig. 5).
In both control and HBO2-exposed samples, several cytoskel-
etal and chaperone proteins as well as FAK were identified in
the bands based on peptide MS/MS spectra as described under
“Experimental Procedures.”

Quantitative evaluations of immunoprecipitated proteins
were conducted on G and sF-actin fractions of air and HBO2-
exposed samples. Using antibodies toTrxR, the amount of actin
relative to the TrxR band density on Western blots of short
F-actin fractions is shown in Fig. 6A. Less actin was brought
down along with TrxR in HBO2-exposed cells, and this effect

FIGURE 3. S-Nitrosylated �-actin in neutrophil lysates after siRNA treatments. Neutrophil suspensions exposed to air or 45 min at 2.0 ATA O2 were
incubated for 20 h with control, scrambled sequence siRNA or siRNA to TrxR1. Samples were centrifuged and resuspended in PBS or PBS containing 100 �M

8-Br-cGMP or 100 nM fMLP. After incubation for 10 min, cells were centrifuged, resuspended in HEN buffer, and processed for the biotin switch assay as
described under “Experimental Procedures.” After Western blotting, the densities of biotin-labeled and actin bands were measured, and -fold increase in
biotin/actin density for each sample was compared with that measured for air-exposed cells incubated with control siRNA and then PBS that was run on the
same Western blot. Data are mean � S.E. (error bars) -fold increase in ratios of band densities for 4 –10 independent samples; *, p � 0.05 (ANOVA). The blots
shown at the top are from a representative single experiment.

FIGURE 4. TrxR content in neutrophil actin fractions. Neutrophil suspensions were exposed to air (control) or 2.0 ATA O2 for 45 min, directly placed into SDS
buffer (whole cell lysate), or lysed and separated into Triton-soluble G-actin and sF-actin and Triton-insoluble actin. Western blots were probed for TrxR and
�-actin. The figure shows a representative Western blot, and the chart depicts TrxR/actin ratios as mean � S.E. (error bars) (n � 8 individual samplings). There
are no significant differences between air-exposed (control) and HBO2-exposed cell preparations.
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was reversed by fMLP or 8-Br-cGMP incubation. Particular
interest in FAKwas prompted because FAK is recognized to act
in conjunction with a number of actin-binding proteins to bun-
dle them with actin filaments, as summarized in the Introduc-
tion. The immunoprecipitation pattern of FAK using antibod-
ies to TrxR was similar to that seen for actin (Fig. 6B).
Moreover, when using antibodies to FAK, HBO2 exposure
caused a reduction of actin co-precipitation, which was also
reversed by fMLP and 8-Br-cGMP (Fig. 6C). There was, how-
ever, no significant difference in TrxR co-precipitated with
antibodies to FAK in air- or HBO2-exposed samples. Lysates
from HBO2-exposed cells exhibited a TrxR/FAK ratio that was
0.94 � 0.06-fold (NS, n � 6) that of air-exposed control cells.
We did not find significant differences in co-precipitated pro-
teins whenG-actin fractions were used versus the sF-actin frac-
tions (data not shown).

Time Course for Events—Results led to the question of when
HBO2-mediated events occurred during hyperoxia. Fig. 2
shows that the magnitude of SNO-actin formation was insigni-
ficantly different whether cells were exposed to HBO2 for 15 or
45 min. Exposure to hyperoxia for just 10 min was similar and
was within 2� 1% (n� 3–4 at each time point, NS) of the value
found in samples after 15 min of HBO2 (i.e. there was no signif-
icant difference in SNO-actin elevation following HBO2 expo-
sures of 10, 15, or 45 min). Fig. 7 shows that even after just 10
min of exposure to hyperoxia, �2 integrin adherence was
decreased by 50%, with complete inhibition occurring at �45
min.
HBO2 hastens free barbed end (FBE) formation and actin

turnover (27). Compared with the rate of control, air-exposed
cells, exposure to HBO2 for 15 min increased FBE formation
2.6 � 0.4-fold (n � 6, p � 0.05 versus control), whereas 45-min
exposure increased FBE formation 3.9 � 0.7-fold (n � 21, p �
0.05 versus control). Immunoprecipitation studies performed
using FAK antibodies with lysates of cells exposed to HBO2 for
10 min identified an increase in the actin/FAK ratio (1.47 �
0.18-fold greater than air-exposed, control cells; n � 4; p �
0.05). No significant differences compared with control were
found, however, with co-precipitation of actin or FAK using
TrxR antibodies. For example, when normalized to the control
cell ratios, the amount of actin co-precipitated was 0.89 � 0.07
(n � 5), and FAK co-precipitated using TrxR antibodies was
0.96 � 0.08 (n � 5).
Protein Co-localization Assessed by Confocal Microscopy—

Immunoprecipitation studies could not be done with the Tri-
ton-insoluble F-actin. Therefore, in order to examine possible
protein associations with total F-actin, we next carried out a
series of imaging studies. Isolated neutrophils exposed to air
(control) or 2.0 ATA O2 for 15 or 45 min were stained with
antibody to TrxR1 and with FITC-conjugated phalloidin to
identify F-actin. Fig. 8 shows images as well as co-localization
quantified by fluorescence in dual-stained cells. Fluorescence
associated with co-localized proteins in HBO2-exposed cells
was significantly different from control at both time points,
higher than control at 15 min and lower at 45 min (p � 0.05,
two-way ANOVA). Moreover, incubation with fMLP or 8-Br-
cGMP reversed alterations in co-localization due to HBO2.

The relationship between FAK and F-actin was also exam-
ined because of observations following the immunoprecipita-
tion studies described above. As indicated in Fig. 8, the pattern
of associations of F-actin with FAK was similar to that with
TrxR. Moreover, co-localization between TrxR and FAK fol-
lowed a similar pattern and was the same or somewhat lower
than control after fMLP or 8-Br-cGMP treatment.
TrxR and Actin Filament Vulnerability to S-Nitrosylation—

Studies were done to directly assess whether TrxR could pro-
tect actin from nitrosative stress. The sF-actin fraction was iso-
lated from neutrophils and then incubated with 200 �M SNAP.
SNO-actin was quantified and expressed as the ratio of band
density in the absence versus presence of auranofin to inhibit
TrxR activity. The first bar in Fig. 9 demonstrates that TrxR
activity inhibited SNO-actin formation by �70%. The second
bar demonstrates that SNO-actin formation was significantly
higher if sF-actin was used from cells that had been incubated

TABLE 3
TrxR activity in neutrophil lysates
TrxR activitywasmeasured in cell lysates of air-exposed (control) orHBO2-exposed
neutrophils incubated for 10 min with just PBS or with PBS plus 100 �M 8-Br-
cGMP, 100 nMFMLP, 2�McytochalasinD, or 1�M latrunculin B orwhen cells were
exposed for 5min toUV light before lysis. The last two rows show activitywhen cells
were lysed with Triton and processed as described under “Experimental Proce-
dures” to obtain G-actin and sF-actin fractions rather than using whole cell lysates.
TrxR activity was measured as described under “Experimental Procedures” and
expressed as�mol of TNB formed/min� 102 in 7.5�g of neutrophil cytosol protein
(n � 7–21). Values are mean � S.E.

Inhibitor/Modification Air HBO2

�mol/min � 102 �mol/min � 102

PBS (control) 1.88 � 0.22 (21) 8.07 � 0.67 (21)a
PBS � 8-Br-cGMP 2.49 � 0.38 (16) 2.71 � 0.35 (16)
PBS � fMLP 2.43 � 0.60 (16) 2.35 � 0.64 (16)
PBS � cytochalasin D 1.50 � 0.44 (4) 1.86 � 0.69 (4)
PBS � latrunculin B 1.06 � 0.35 (4) 1.20 � 0.39 (4)
5 min UV 0.91 � 0.18 (9) 1.03 � 0.21 (9)
G-actin fraction 0.91 � 0.14 (6) 6.30 � 0.86 (6)a
Soluble F-actin fraction 0.87 � 0.13 (6) 3.81 � 0.50 (6)a

a p � 0.05, ANOVA.

FIGURE 5. TrxR immunoprecipitation Coomassie-stained gel. The figure
shows the band pattern for lysates of air-exposed, control, and HBO2-exposed
neutrophil lysates immunoprecipitated using anti-TrxR. Proteins listed were
identified by MS/MS spectra. For nitric-oxide synthase-2 (iNOS) 36 peptides
were identified spanning 32% of the protein; for FAK, 12 peptides were iden-
tified spanning 9% of the protein; for heat shock protein-90� (HSP90 �), 20
peptides were identified spanning 24% of the protein; for heat shock protein-
90� (HSP90 �), 22 peptides were identified spanning 34% of the protein; for
heat shock cognate 71-kDa protein, 19 peptides were identified spanning
29% of the protein; for TrxR, 10 peptides were identified spanning 18% of the
protein; for protein-disulfide isomerase A6 precursor, seven peptides were
identified spanning 18% of the protein; for actin, 26 peptides were identified
spanning 49% of the protein; for tropomyosin �-1 isoform, seven peptides
were identified spanning 26% of the protein; for 14-3-3 protein �/�, 12 pep-
tides were identified spanning 44% of the protein; for Ras-related protein
Rab-27B, seven peptides were identified spanning 42% of the protein.
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with siRNA to TrxR1 to decrease TrxR content. As shown in
the third bar, we also examined TrxR protection from SNAP
using actin obtained from cells incubated with siRNA to FAK.
Depleting cells of FAK caused a similar effect as depleting cells
of TrxR.
TrxR Linkage to FAK ex Vivo—The immunoprecipitation

data suggest that TrxR and FAK form a linkage within the neu-
trophil. Moreover, the effect of PF 573228 (Table 2) suggests
that the interaction may involve the FAK kinase domain. To
further examine this possibility, His-tagged kinase domain of
human FAK (amino acids 393–698) was incubated with puri-
fied TrxR. Cobalt resin pull-down of His-FAK co-precipitated
TrxR, and this was inhibited by PF 573228 (Fig. 10). Incubation
with 5 �M PF 573228 inhibited TrxR binding/pull-down with-
out altering FAK recovery. When using 10 �M PF 573228, the
FAK detected on Western blots was reduced by 20 � 5% (n �
3), suggesting that the inhibitor may alter protein folding and
partially shield the histidine affinity tag.

Finally, we examined the effect of purified His-FAK on TrxR
activity as described under “Experimental Procedures.” Sus-
pensions of TrxR exhibited an activity of 381� 16 (n� 5) units,
and inclusion of FAK decreased activity by �75% to only 95 �
17 units (n� 5, p� 0.05). If 5�MPF 573228was included in the
suspension to inhibit the FAK interaction, however, TrxR enzy-
matic activity was 363 � 22 (n � 5, NS).

DISCUSSION

The goal for this investigation was to identify themechanism
for reversal of SNO-actin in HBO2-exposed neutrophils. We
conclude from the adherence and biotin switch studies in cells
preincubatedwith siRNA species that TrxR is required for actin
denitrosylation when HBO2-exposed neutrophils are incu-
bated with fMLP or 8-Br-cGMP (Figs. 1–3). The role for TrxR
in decreasing SNO-actin is also supported by effects of the
chemical inhibitors, 1-chloro-2,4-dinitrobenzene and aura-
nofin (Table 1).
We have reported that fMLP and 8-Br-cGMP will slow actin

turnover inHBO2-exposed cells (27). Our finding that cytocha-
lasin treatment will abrogate the HBO2-mediated elevation of
SNO-actin is consistent with these previous reports and indi-
cates that actin turnover with increased FBE formation estab-
lishes the imbalance that impedes TrxR from causing SNO-
actin removal. It is clear, however, that the process is more
complicated than merely involving TrxR. The majority of cel-
lular TrxR is in the cytoplasm, and partitioning to various cell
fractions based onTriton solubilitywas not significantly altered
by HBO2 (Fig. 4). Demonstrating that TrxR activity was
increased, not decreased, after hyperoxia posed a paradox that
now appears related to enzyme linkage to FAK (Table 3).
MS/MS evaluation of protein bands identified after TrxR

immunoprecipitation led to an interest in FAK (Fig. 5). The
apparent association between TrxR and several other proteins
will require more rigorous study for verification. It is perhaps
not surprising that associations with a number of cytoskeletal
proteins other than actin may occur. Possible associations with
proteins such as heat shock protein 90 and heat shock cognate

FIGURE 6. FAK-TrxR (A), actin-TrxR (B), and actin-FAK (C) linkage in sF-actin fractions assessed by immunoprecipitation. Neutrophils exposed to air
(control) or 2.0 ATA O2 for 45 min were divided and incubated for 10 min with PBS or PBS plus agonists to achieve a final concentration of 100 �M 8-Br-cGMP
or 100 nM fMLP. Cells were lysed, and the sF-actin fraction was isolated and subjected to immunoprecipitation using antibodies to TrxR1 or FAK. Western blots
at the top show typical results, and data were expressed as the ratio of �-actin (42 kDa) (A) or FAK (110 kDa) (B) band density versus TrxR (55 kDa) band density
normalized to the ratio of the air-exposed PBS-incubated cell lysate in each sample. The ratio of actin to FAK when using antibodies to FAK is shown in C. Values
are mean � S.E. (error bars) for six independent trials; *, p � 0.05, ANOVA.

FIGURE 7. Neutrophil adherence after exposures to hyperoxia up to 45
min. Cells were exposed to 2.0 ATA O2 for 5– 45 min, and adherence to fibrin-
ogen-coated plates was quantified. Values are mean � S.E. (error bars); n �
3–7; *, p � 0.05, ANOVA.
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71 kDa protein are consistent with their roles as chaperones.
Activation of all three nitric-oxide synthase isoforms occurs
upon association with actin filaments, and the possible link
with inducible nitric-oxide synthase will also require further
study (54, 55).
Immunoprecipitation experiments showed that HBO2 expo-

sure for 45 min decreased the association between FAK and
TrxR in the sF-actin fraction by about 80% (Fig. 6). Reversal of
this situation by fMLP and 8-Br-cGMP, along with the HBO2-
mediated diminished associations between actin and TrxR and
between FAK and actin, provides insight into how these ago-
nists abrogate HBO2 effects. Confocal microscopy findings
support the immunoprecipitation results and add further infor-
mation. Results clearly show not only the diminished interac-
tions among TrxR, FAK, and F-actin after 45 min but also
increased associations with just 15-min exposure to hyperoxia.
Immunoprecipitation studies at 15 min identified an elevation
in FAK linkage to actin, but studies using TrxR antibodies did
not identify changes from control in FAK-to-TrxR or actin-to-
TrxR pull-down in the sF-actin fraction. This may be due in
part to greater HBO2-mediated perturbations for cytoskeletal
Triton-insoluble actin filaments that cannot be discerned with
immunoprecipitation. Alternatively, it is possible that the con-
ditions established for the immunoprecipitation studies cause
the proteins to disengage.
The time course studies indicate that there is a lag between

SNO-actin formation (Fig. 2), increased FBEs, and impaired �2

integrin function (Fig. 7). SNO-actin is near maximum within
10 min of exposure to hyperoxia, FBE formation increases pro-
gressively with time, and maximum �2 integrin inhibition does
not occur until cells have been exposed for �45 min. Taken in
association with our previous studies, neutrophil �2 integrin
inhibition by HBO2 can be divided into several steps (26, 27). 1)
SNO-actin is formed when reactive species are generated by
inducible nitric-oxide synthase and myeloperoxidase. 2) VASP
exhibits enhanced affinity for S-nitrosylated sF-actin. 3) This
increases actin FBE formation because of subsequent recruit-
ment by VASP of cyclic AMP-dependent and cyclic GMP-de-
pendent protein kinase, which, in turn, mediate Rac 1 and 2
activation. 4) Actin FBE turnover becomes progressively more
rapid with HBO2 exposures up to �45 min and inhibits �2
integrin clustering and thus �2 integrin adhesion. Additional
events based on current studies include the following. 5) The
increased actin turnover rate eventually causes FAK to dissoci-
ate from sF-actin (determination of whether increased FAK
linkage to F-actin at 10–15 min hyperoxia is due to actin turn-
over or some other process will require further work). 6) TrxR
normally linked to FAK in the sF-actin fraction and thus in
proximity to SNO-actin can mediate denitrosylation. 7) How-
ever, when FAK dissociates, the TrxR no longer remains linked
to FAK. 8) In this way, although cytosolic TrxR activity is ele-
vated, the enzyme cannot affect denitrosylation.
The ex vivo studies with SNAP support the cell fraction stud-

ies and indicate that TrxR provides actin protection from oxi-

FIGURE 8. Protein co-localizations with F-actin in neutrophil images. Neutrophils exposed to air or HBO2 ex vivo were placed on fibrinogen-coated slides,
permeabilized and stained as described under “Experimental Procedures.” Bar graphs show merged fluorescence intensity, which reflects protein co-localiza-
tions. These data were obtained with cells from mice in 3–7 independent experiments by analyzing 30 – 65 neutrophils in each trial. Values in bar graphs are
mean � S.E. (error bars); *, p � 0.001 versus air-exposed cells.
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dative stress. Further, FAK is required for TrxR-mediated pro-
tection (Fig. 9). Results also demonstrate that TrxR activity is
constrained by linkage to FAK. This is most clearly shown with
studies of purified TrxR and His-FAK. Given that immunopre-
cipitation studies show less FAK linked to TrxR in sF-actin
from cells exposed to HBO2 45 min, the ex vivo studies provide
an explanation for the elevation of TrxR activity in the cytosol
after HBO2 exposure.

Results show that slowing actin turnover will allow FAK to
reassociate with sF-actin; TrxR then links to FAK, which drives
SNO-actin removal and restores �2 integrin function. These
new findings increase understanding of TrxR activity, but other
antioxidant enzymes, such as S-nitrosoglutathione reductase
and glutathione reductase, could also be involved with neutro-
phil protein denitrosylation. Cell contents of these enzymes
were only partially reduced with siRNA treatments. Moreover,
if HBO2-exposed cells are incubated with lipoic acid, actin
denitrosylation occurs, and TrxR depletion alone does not
inhibit this response.
FAK functions predominantly as a scaffolding protein.

Because we found that a FAK kinase domain inhibitor (PF
573228) achieved the same effect as depleting cells of FAKusing
siRNA, we sought direct evidence that the FAK kinase domain
plays a role with TrxR interactions. Based on the His-FAK pull-
down studies, TrxR associates in this region, and PF 573228,
which acts at the ATP-binding site (53), inhibits the interaction
(Fig. 10). The only other protein known to interact with FAK
within its kinase domain is FAK family-interacting protein of
200 kDa (FIP200), which inhibits FAK activity (56). A compar-
ison of amino acid sequences between humanTrxR and FIP200
using the NCBI basic local alignment search tool (BLAST) had
a maximum score of just 16.9 and E value of 6.3. Hence, the
proteins exhibit little similarity. TrxR contains a caveolin-bind-
ing motif (amino acids 454–463) and binds to caveolin-1, an
interaction that inhibits TrxR activity (57). FAK does not con-
tain a caveolin scaffolding domain. Obviously, the characteris-
tics of TrxR-FAK binding will require additional study.
The simple conditions established for the ex vivo His-FAK

pull-down experiments suggest that FAK kinase activity is not
required for TrxR binding or to inhibit TrxR activity. Most
intracellular FAK kinase activity is actually performed by Src
family kinases that associate following phosphorylation of FAK
tyrosine 397 (46). The purified FAK fragment used in our stud-
ies was expressed in baculovirus-infected Sf9 cells. We are
aware that spurious hyperphosphorylation adjacent to histidine
affinity tags can complicate studies using high level recombi-
nant protein kinases (58). Although we cannot rule out an
involvement of such complications, we think that they are
unlikely given the results with intact neutrophils. FAK func-
tions are facilitated by physical forces as FAK is recruited to the
juxtamembrane space to form focal adhesions, the proximal
step to cell adherence (59). This includes homo-oligomer for-
mation that is initiated by enzyme clustering at focal contacts
followed by tyrosine 397 autophosphorylation that triggers
kinase activity (60). The point with our work is that the FAK-
TrxR interaction is apparent with non-adherent neutrophils
and also monomeric His-FAK, conditions where FAK phos-
phorylation/kinase activity is unlikely to occur.
These results demonstrate that TrxR plays a role in cytoskel-

etal control in neutrophils. There is precedence for this in other
cell types. TrxR overexpression inhibits protein kinase C-me-
diated HEK-293 cell motility (61). A splice variant of TrxR1 in
human Leydig cells induces cytoplasmic filaments and cell
membrane filopodia. Themechanism remains obscure because
the protein exhibits only partial co-localization with actin and
may act as a novel actin nucleation center (62, 63). Moreover,

FIGURE 9. TrxR protects actin from S-nitrosylation. Neutrophils were iso-
lated and incubated for 20 h with control siRNA or siRNA to TrxR or FAK. Cells
were lysed, the sF-actin fraction was isolated and divided into two, and 1 �M

auranofin was added to one sample. Both samples were incubated with 200
�M SNAP for 1 h at room temperature, and then S-nitrosylation was assessed
by the biotin switch assay. The Western blot at the top demonstrates typical
experimental results, and data are expressed as the difference in density of
the biotin/actin band ratio of samples incubated in the absence versus pres-
ence of auranofin, a TrxR inhibitor. Therefore, values closer to 1.0 demon-
strate inability of TrxR in the sample to protect against S-nitrosylation. Values
are mean � S.E. (error bars) for four experiments; *, p � 0.05, ANOVA.

FIGURE 10. TrxR-FAK ex vivo attachment with isolated enzymes. Purified
TrxR was incubated with a His-tagged kinase domain fragment of human FAK
as described under “Experimental Procedures.” Where indicated, 5 or 10 �M

PF 573228 was added to FAK suspensions 10 min before the addition of TrxR.
After 1-h incubations, protein suspensions were passed through cobalt resin,
and the bound protein was eluted and then subjected to Western blotting.
The pattern shown in the figure was identical in four replicate trials. The first
two lanes show blots using only the single protein solutions (TrxR or His-FAK),
whereas lanes 3– 6 show proteins eluted from cobalt resin. Lane 3 shows His-
FAK plus TrxR, and lane 4 shows the result when the TrxR solution is incubated
with resin (e.g. no TrxR binds to resin). The last two lanes show results when 5
or 10 �M PF 573228 was added to His-FAK plus TrxR solutions. No TrxR was
detected in these suspensions, and at 10 �M PF 573228, the FAK band density
was 20 � 5% (S.E.; n � 3) lower than with no inhibitor or just 5 �M PF 573228.
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there is a physical interaction between thioredoxin and actin
that assists with stabilizing the cytoskeleton of SH-SYS5Y cells
(64).
In conclusion, this project advances understanding of cyto-

skeletal control in neutrophils and regulation of �2 integrin
function. Its immediate clinical relevance is to provide a bio-
chemical explanation for how HBO2 can impede �2 integrin
adherence and thus ameliorate insults, such as reperfusion
injuries, yet treatment does not render the host immunocom-
promised. The risk/benefit ratio of HBO2 appears favorable
undermost conditions. These results provide further assurance
as to its safety and may prompt greater investigation of its clin-
ical efficacy. Questions persist regarding the nature of the
TrxR-FAK chemical interaction and whether it has functional
impact on adhesion and cytoskeletal control beyond its appar-
ent antioxidant role for actin denitrosylation.
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