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Fungal gliotoxin (GT) is a potent inhibitor of the O2
�-generating NADPH oxidase of neutrophils. We

reported that GT-treated neutrophils fail to phosphorylate p47phox, a step essential for the enzyme activation,
because GT prevents the colocalization of protein kinase C �II with p47phox on the membrane. However, it
remains unanswered whether GT directly affects any of NADPH oxidase components. Here, we examine the
effect of GT on the NADPH oxidase components in the cell-free activation assay. The O2

�-generating ability of
membranes obtained from GT-treated neutrophils is 40.0 and 30.6% lower, respectively, than the untreated
counterparts when assayed with two distinct electron acceptors, suggesting that flavocytochrome b558 is affected
in cells by GT. In contrast, the corresponding cytosol remains competent for activation. Next, GT addition in
vitro to the assay consisting of flavocytochrome b558 and cytosolic components (native cytosol or recombinant
p67phox, p47phox, and Rac2) causes a striking inhibition (50% inhibitory concentration � 3.3 �M) when done
prior to the stimulation with myristic acid. NADPH consumption is also prevented by GT, but the in vitro
assembly of p67phox, p47phox, and Rac2 with flavocytochrome b558 is normal. Posterior addition of GT to the
activated enzyme is ineffective. The separate treatment of membranes with GT also causes a marked loss of
flavocytochrome b558’s ability to reconstitute O2

� generation, supporting the conclusion at the cellular level.
The flavocytochrome b558 heme spectrum of the GT-treated membranes stays, however, unchanged, showing
that hemes remain intact. These results suggest that GT directly harms site(s) crucial for electron transport
in flavocytochrome b558, which is accessible only before oxidase activation.

Host defense against Aspergillus spp. depends mainly on the
oxidative killing by superoxide anion (O2

�)-derived reactive
oxygen species (ROS) of neutrophils, as demonstrated by se-
vere aspergillosis in patients with chronic granulomatous dis-
ease (9, 27, 51). The enzyme responsible for O2

� generation is
the multicomponent NADPH oxidase comprised of the mem-
brane-integrated flavocytochrome b558 (a heterodimer of
gp91phox and p22phox) and four cytosolic regulatory proteins:
p67phox, p47phox, p40phox, and the small G-protein Rac2 (for
reviews, see references 3, 14, 29, and 59). The N-terminal half
of gp91phox contains four histidines coordinating two hemes
according to a bis-heme motif (His101 and His209; His115 and
His222) (5, 20), which is conserved in all members of the Nox
(for NADPH oxidase)/Duox (for dual oxidase) family (for re-
views, see references 35, 36, and 59). The C-terminal half of
gp91phox has a reductase domain with binding sites for
NADPH and FAD, which are also shared within the Nox/Duox
members (for reviews, see references 35, 36, and 59).

In unstimulated neutrophils, the NADPH oxidase is kept
dormant through maintaining its membrane and cytosolic com-
ponents in the respective cellular locations under inactive con-
formation. However, upon cell stimulation with microbes or
chemical agents, cytosolic components assemble with flavocy-

tochrome b558 through a concerted series of molecular inter-
actions among Src homology 3 (SH3) domains, proline-rich
regions (PRR), phox homology (PX) domains, tetratricopep-
tide repeat (TPR) motifs, and other specific domains in
p47phox, p67phox, p22phox, and Rac2 (see reviews in references
3, 14, and 59). The steps involved in the assembly of an active
NADPH oxidase complex have been elucidated as follows. (i)
Phosphorylation of multiple serines in p47phox (19) opens its
autoinhibited conformation kept by an intramolecular interac-
tion between its SH3 domains and autoinhibitory region (AIR)
(1, 25). (ii) The unmasked SH3 domains of p47phox then be-
come able to target the PRR of p22phox (23, 39, 53), a key step
in anchoring of the p47phox-p67phox-p40phox triad to flavocyto-
chrome b558. (iii) Rac2 translocates to the membrane, inde-
pendently of the cytosolic phox components (15, 24), where it
binds to the TPR motifs of p67phox (13, 30, 46) and with sites
of flavocytochrome b558 not yet completely identified (12, 46)
to cause conformational changes in flavocytochrome b558.
These interactions activate the gp91phox subunit of flavocyto-
chrome b558 to flow electrons from NADPH to oxygen, in a
sequence of events that involve its FAD and heme redox cen-
ters (59).

Although knowledge concerning the mechanism of the
NADPH oxidase assembly has extensively been accumulated,
not much is understood about how microbial pathogens escape
the ROS-based defense in hosts. We have been investigating
the effect of the fungal toxin, gliotoxin (GT), on the respiratory
burst of human neutrophils (57, 62). GT is a natural and
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biologically active metabolite of pathogenic fungi (60), such as
Aspergillus and Candida spp., and is etiologically implicated in
the establishment of severe infections in both animals (4) and
humans (50). We have previously shown that GT inhibits the
O2

� generation of intact neutrophils before but not after the
oxidase activation (62). The critical step affected by GT was the
translocation of the cytosolic phox components to the mem-
brane, which is triggered by the inhibited phosphorylation of
p47phox. The diminished p47phox phosphorylation was in good
correlation with the decreased level of membrane-translocated
protein kinase C �II (PKC �II) (57), the main kinase phos-
phorylating p47phox upon stimulation of neutrophils with phor-
bol myristate acetate (PMA) (10, 31). This event was a key
mechanism underlying the prevented O2

� generation in GT-
treated intact cells. The inhibition of the NADPH oxidase by
GT may play a critical role in the pathogenesis of Aspergillus-
caused diseases such as aspergilloma and invasive aspergillosis,
which involve mycelial growth in the body of the host. Since
GT is produced during mycelial growth of pathogenic Aspergil-
lus (60), the toxin would guarantee fungal survival through
inhibiting the ROS-based killing of hyphae by neutrophils.

It is, however, still unanswered whether or not the above
mechanism involving PKC �II (57) is the sole one responsible
for the prevention of the oxidase activity. GT, a thiol-modify-
ing toxin with an epipolythiodioxopiperazine structure (60), is
expected to oxidize thiol groups of the NADPH oxidase com-
ponents and directly compromise them. In the present study,
we investigate this possibility by using the cell-free activation
assay. This assay mimics the activation of the NADPH oxidase
in vitro by incubating separated flavocytochrome b558 and cy-
tosolic components in the presence of anionic amphiphiles as
stimulants (6). We show that GT directly inhibits the electron
transport of flavocytochrome b558, only before but not after the
oxidase activation.

MATERIALS AND METHODS

Materials. Antisera to the C-terminal polypeptides of p67phox, p47phox, and
p22phox were raised in rabbits, as previously described (55, 56). Rabbit anti-Rac2
serum was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.).
Horseradish peroxidase-conjugated swine anti-rabbit immunoglobulin G and
rabbit anti-goat immunoglobulin G were obtained from Dakopatts (Glostrup,
Denmark). 4-Amidinophenylmethanesulfonyl fluoride (APMSF), cytochrome c
(horse heart, type VI), o-dianisidine, diisopropyl fluorophosphate (DFP), di-
methyl sulfoxide (DMSO), dithiothreitol (DTT), EDTA, EGTA, GT, guanosine
5�-[�-thio]-triphosphate (GTP�S), p-iodonitrotetrazolium violet (INT), myristic
acid (MA; sodium salt), protease inhibitors, and superoxide dismutase (SOD)
were purchased from Sigma (St. Louis, Mo.); HEPES, PIPES [piperazine-N,N�-
bis(2-ethanesulfonic acid)], and n-heptyl-�-D-thioglucoside (HTG) were from
Dojindo Laboratories (Kumamoto, Japan); IPTG (isopropyl-�-D-thiogalactopy-
ranoside), lysozyme from chicken egg white, NADPH, phenylmethylsulfonyl
fluoride (PMSF), and sodium dodecyl sulfate (SDS) were from Wako Pure
Chemical Industries (Tokyo, Japan). A protein assay and Macro-Prep ceramic
hydroxyapatite type I (20 �m) were obtained from Bio-Rad Laboratories (Her-
cules, Calif.), and polyvinylidene difluoride sheets were from Millipore Corp.
(Bedford, Mass.). Molecular markers for SDS-polyacrylamide gel electrophore-
sis (PAGE), protein A–Sepharose CL-4B, DEAE–Sepharose CL-6B, S Sepha-
rose FF, and glutathione-Sepharose 4B were from Amersham Biosciences Corp.
(Piscataway, N.J.). All other reagents used were of the highest grades available.

Subcellular fractionation of neutrophils. Human fresh blood or buffy coat
residues were obtained in accordance with the protocol approved by our Insti-
tutional Review Board for Human Subjects, and neutrophils were isolated as
reported previously (55). The isolated neutrophils were then treated with 2 mM
DFP for 15 min on ice before fractionation into membranes and cytosol in buffer
A (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2, and 10 mM PIPES [pH 7.3])

containing 10 �M leupeptin and 1 mM PMSF, essentially as previously described
(56). In some cases, the membranes were further washed with 1 M NaCl in buffer
A for 10 min and solubilized at 5 mg of protein/ml by stirring for 30 min on ice
in 50 mM sodium phosphate buffer (pH 7.0) containing 50 mM NaCl, 1%
(wt/vol) HTG, 25% (wt/vol) glycerol, and 1 mM APMSF (42). HTG-solubilized
membranes were then recovered by centrifugation at 100,000 � g for 30 min at
4°C. When mentioned, the neutrophils were incubated as previously described
(57) with 10 �g (30.6 nmol) of GT/0.25 � 107 cells/ml for 10 min at 37°C, a
condition shown to completely inhibit their NADPH oxidase activity in response
to PMA stimulation (57), before being washed and fractionated into membranes
and cytosol. Matched control neutrophils were similarly treated with DMSO
vehicle instead of GT and then fractionated. These fractions were tested for
O2

�-reconstituting ability in the cell-free activation assay as described below.
Protein concentration was determined by the method of Lowry using bovine
serum albumin as a standard. Flavocytochrome b558 content in the membrane
fraction was expressed in heme equivalents determined by a reduced-minus-
oxidized difference spectrum analysis as described below.

Preparation of recombinant cytosolic components. The insect Spodoptera fru-
giperda Sf9 cells were cultured in Grace’s medium (Life Technologies, Grand
Island, N.Y.) containing 10% (vol/vol) fetal calf serum (JHR Biosciences, Le-
nexa, Australia), as well as 0.3% (wt/vol) lactoalbumin hydrolysate and 0.3%
(wt/vol) yeastolate (both from Life Technologies). Baculoviruses containing
cDNAs for human p47phox and p67phox (58) were generous gifts from J. D.
Lambeth (Emory University, Atlanta, Ga.). Monolayer cultures of the Sf9 cells
were infected with the recombinant baculoviruses in 100-mm-diameter dishes,
harvested 84 h after the infection, and then frozen in liquid nitrogen. Recombi-
nant proteins (rp47phox and rp67phox) were purified essentially based on reported
methods (38). Briefly, the Sf9 cells were resuspended in buffer A containing 0.1
mM APMSF, 2 mM DFP, and 0.1 mM DTT; disrupted by sonication with 12 10-s
pulses at 200 W (Sonifier 450 apparatus; Branson Ultrasonic Corp., Danbury,
Conn.); and centrifuged at 12,000 � g for 10 min at 4°C. The supernatant was
subsequently centrifuged at 100,000 � g for 1 h at 4°C to obtain crude extract.
The crude extract containing rp47phox was applied to an S Sepharose FF column
equilibrated with 5 mM potassium phosphate buffer (pH 7.0) and eluted with a
gradient of 0 to 0.3 M NaCl in the same buffer. The crude extract containing
rp67phox was applied to a DEAE–Sepharose CL-6B column equilibrated with 20
mM Tris-HCl (pH 7.5) and eluted with a gradient of 0 to 0.5 M NaCl in the same
buffer. Peak fractions of rp67phox were pooled and further loaded onto a ceramic
hydroxyapatite type I column equilibrated with 10 mM potassium phosphate
buffer (pH 7.0) and eluted with a gradient of 0.01 to 0.6 M potassium phosphate
buffer (pH 7.0). Throughout all of the column work, the buffers were supple-
mented with 0.1 mM DTT and 0.15 mM APMSF. The purity of the recombinant
proteins was assessed by SDS-PAGE plus subsequent Coomassie blue staining;
99% (rp47phox) and 90% (rp67phox) purity were confirmed (Fig. 2A, inset),
respectively, by the analysis with a pdi 420oe scanner (Arcus II; PDI, Inc.,
Huntington Station, N.Y.).

Recombinant Rac2 was isolated from XL1-Blue MRF� Escherichia coli trans-
formed with human Rac2 cDNA subcloned into the bacterial expression vector,
pGEX2T, as previously described (34). The transformed E. coli cells were grown
at 20°C in Luria-Bertani medium containing 100 �g of ampicillin/ml to an A600

of 0.6 and induced with 0.1 mM IPTG for 6 h before harvest by centrifugation.
The pelleted bacteria were resuspended in 25 mM HEPES buffer (pH 7.6) with
1 mM EDTA and then frozen in liquid nitrogen before storage at �80°C. The
frozen cell suspension was thawed on ice and adjusted to 80 mM KCl, 2 mM
DTT, and 0.3 mg of lysozyme/ml. After a 20-min standing on ice, the freezing and
thawing was repeated once again to obtain cell lysate. The cell lysate was clarified
by centrifugation at 100,000 � g for 20 min at 4°C and applied onto a glutathione-
Sepharose 4B column. Rac2 was then cleaved from the fusion protein on the
resin by thrombin treatment. The purity of Rac2 was 80%. The concentration of
the recombinant proteins was determined by the method of Bradford with bovine
serum albumin as a standard.

Cell-free activation of the NADPH oxidase. The amphiphile-stimulated acti-
vation of the NADPH oxidase in the cell-free assay was done with various
combinations of flavocytochrome b558 (in membranes before or after HTG
solubilization) and cytosolic components (native cytosol or recombinant pro-
teins), as detailed in the legends. MA was used as a stimulant at optimal amounts
for best activation in each assay system. Furthermore, a two-step activation
protocol was adopted: the components were first preincubated for 5 min at room
temperature in plastic cuvettes with or without MA in volumes of 0.1 to 0.4 ml
of activation buffer (65 mM sodium phosphate buffer [pH 7.0] containing 1.2 mM
MgCl2, 1 mM EGTA, and 2 mM NaN3) and then brought to 0.8 ml with the
activation buffer containing an appropriate electron acceptor. The stimulation
with MA was performed in the presence of 5 �M GTP�S for native cytosol. For
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the semirecombinant cell-free assay, purified Rac2 was incubated with a fivefold
molar excess of GTP�S for 5 min at room temperature before use (32). Three
distinct electron acceptors (30 �M cytochrome c, 30 �M acetylated cytochrome
c, and 50 �M INT) were used becuase of their properties as electron flow
indicators. The reaction was usually started by adding 0.2 mM NADPH to the
mixture in a Hitachi 557 spectrophotometer. For assays with native and acety-
lated cytochrome c as indicators, 200 U of SOD/ml was added at maximum
velocities to distinguish the reduction by O2

� from nonspecific reduction. The
acetylated cytochrome c was prepared as previously reported (54). The efficiency
of the acetylated compound in detecting O2

� from PMA-stimulated neutrophils
was 36.4% of that of native cytochrome c, which was taken into account in the
calculation. The molar extinction coefficients for calculation were ε550-540 nm �
19.1 mM�1 cm�1 for native and acetylated cytochrome c and ε500 nm � 11
mM�1 cm�1 for INT, respectively. The consumption of NADPH (0.125 mM)
was quantified by the rate of absorbance decrease at 340 nm.

Cell-free assembly of flavocytochrome b558 with cytosolic components. The
ability of flavocytochrome b558 to assemble with cytosolic phox components upon
cell-free activation was evaluated by immunoprecipitation with anti-p47phox se-
rum, as follows. HTG-solubilized membranes (2.5 pmol of heme equivalent of
flavocytochrome b558), 8.5 pmol of rp47phox, and 3 pmol of rp67phox were incu-
bated with either 30 nmol of GT or DMSO vehicle for 5 min at room temper-
ature in 0.2 ml of activation buffer. The treated components were then stimulated
with 27.5 nmol of MA for 10 min prior to immunoreaction with the anti-p47phox

serum or normal serum for 90 min on ice in 0.8 ml of immunoprecipitation buffer
(150 mM NaCl, 10 mM EDTA, 1% [wt/vol] deoxycholate, and 1% [wt/vol]
Nonidet P-40 in 10 mM Tris-HCl [pH 7.4]). P47phox was then precipitated with
4 mg of protein A–Sepharose CL-4B, as previously reported (56). The translo-
cation of Rac2 to flavocytochrome b558 was assessed by analysis of the activated
oxidase complex after centrifugation on a sucrose gradient, as previously de-
scribed (56). Briefly, the reaction mixture consisting of unsolubilized membranes
(6 pmol of heme equivalent), 252 pmol of rp47phox, 36 pmol of rp67phox, and 252
pmol of GTP�S-loaded Rac2 in 0.4 ml of activation buffer was treated with either
60 nmol of GT or DMSO vehicle for 5 min at room temperature. After stimu-
lation with 80 nmol of SDS for 5 min, the reaction mixture was layered onto a
discontinuous sucrose gradient composed of 0.85 ml of 15% (wt/vol) over 0.05 ml
of 50% (wt/vol) in the activation buffer and centrifuged at 109,000 � g for 30 min
at 4°C. The membranes were recovered from the 50% sucrose bottom and
washed once with the activation buffer at 4°C. The above-described immunopre-
cipitates and the washed membranes were resuspended in 5% SDS sample buffer
containing 100 mM DTT and then boiled for 5 min at 100°C before SDS-PAGE
(10% gel). The presence of flavocytochrome b558, p47phox, and p67phox was
confirmed by immunoblotting with antisera to p22phox, p47phox, and p67phox,
respectively, followed by probing with horseradish peroxidase-conjugated sec-
ondary serum plus o-dianisidine development. The presence of Rac2 was
checked with anti-recombinant Rac2 serum and visualized with Enhanced
Chemiluminescence(ECL)-Plus reagents (Amersham).

Reduced-minus-oxidized difference spectrum of flavocytochrome b558. Mem-
branes containing 75 pmol of heme equivalent of flavocytochrome b558 were
incubated with 153 nmol of GT for 15 min at room temperature in buffer A,
recovered by centrifugation at 100,000 � g at 4°C, and washed with the same
buffer. The GT-treated membranes were then resuspended and subjected to the
spectrum analysis of flavocytochrome b558 with a Hitachi 557 spectrophotometer
after sample bubbling with standard CO gas (99.9% pure; Nippon Sanso, Tokyo,
Japan) in a black quartz cuvette, as previously reported (61). Reduced-minus-
oxidized spectra were recorded at different times after the addition of a few
crystals of sodium dithionite. Molar extinction coefficients of ε558-540 nm � 21.6
mM�1 cm�1 (7) and ε426-410 nm � 200 mM�1 cm�1 (41) were used to calculate
the alpha and Soret peaks, respectively.

RESULTS

Which cellular target, membrane or cytosolic components,
is affected by GT in intact neutrophils? The neutrophil NADPH
oxidase is composed of the membrane-integrated flavocyto-
chrome b558 and cytosolic components. We investigated here
whether the treatment of intact neutrophils with GT directly
compromises any of the NADPH oxidase components. For this
purpose, the isolated membranes and cytosol from GT-treated
neutrophils were tested for the ability to reconstitute O2

�

generation in the cell-free activation assay. In the assay, an

anionic amphiphile such as MA or SDS is used as a stimulant
(6, 44) to provoke the disruption of the autoinhibited state of
p47phox, necessary to allow its association with the p22phox

subunit of flavocytochrome b558, as well as with p67phox, even-
tually leading to oxidase activation (1, 21, 23, 25, 39, 53, 59).
The cell-free activation assay thus allows the verification of the
integrity of the oxidase components in reconstituting the en-
zyme activity.

The cellular target of GT was searched by cross-combination
assays between membranes and cytosol obtained from GT-
treated and untreated neutrophils. When both fractions were
from untreated cells, a 10-min stimulation with MA allowed
high O2

� generation after the addition of NADPH, shown by
a typical chart of SOD-sensitive cytochrome c reduction (65.3
mol of O2

�/s/mol of heme) (Fig. 1Aa). Membranes from GT-
treated cells combined with the cytosol from untreated cells
also allowed the activation of the NADPH oxidase, but with a
rate around 40% lower (37.3 mol of O2

�/s/mol of heme) (Fig.
1Ab) than the combination of the untreated cell fractions.
When both the fractions were from GT-treated cells, an unex-
pectedly high rate of cytochrome c reduction appeared even
before the addition of NADPH, but it rapidly ceased without
SOD (Fig. 1Ac). This apparent “direct reduction” (i.e., without
mediation by O2

�) made the assays with cytochrome c unsuit-
able for judging O2

� generation.
The direct cytochrome c reduction was pertaining to the

cytosol from the GT-treated cells, since the cytosol alone plus
cytochrome c induced rapid reduction in the absence of mem-
branes and MA (Fig. 1Ba). Neither NADPH nor SOD influ-
enced the rate of cytochrome c reduction (Fig. 1Ca). In con-
trast, the cytosol from the untreated cells (Fig. 1Bb) and the
membranes from GT-treated cells (Fig. 1Bc) both gave mini-
mal rates. These results indicate that the direct cytochrome c
reduction originates from a reaction between the cytosol and
GT in cells. GT alone was ineffective in reducing cytochrome c
(data not shown). Since this side reaction of GT was very
unfavorable to determine net O2

� generation, two other elec-
tron acceptors, INT and acetylated cytochrome c, were tested.
INT was shown to receive electrons from hemes of flavocyto-
chrome b558 (49), and acetylated cytochrome c, to be reduced
by O2

� with far less susceptibility to reduction by cellular
cytochrome c reductases (43). INT was not susceptible to the
direct reduction: the cytosol from the GT-treated cells gave flat
kinetics with INT (Fig. 1Cc) in contrast to that with cyto-
chrome c (Fig. 1Ca). Acetylated cytochrome c also yielded a
significantly lower rate (Fig. 1Cb). These electron acceptors
have clearly demonstrated that the direct cytochrome c reduc-
tion observed with the cytosol from the GT-treated cells is not
assigned to the NADPH oxidase activity.

Finally, the cell-free combination assays with the membranes
and cytosol from the GT-treated cells in Fig. 1A were remade
by using the two electron acceptors. The oxidase activity de-
termined in the assays with INT and acetylated cytochrome c is
summarized in Table 1. Once intact neutrophils had been
treated with GT, their subsequent membrane component func-
tioned less efficiently in the cell-free activation assays: the
membranes from the GT-treated cells showed 40.0 and 33.8%
(INT) and 30.6 and 25.8% (acetylated cytochrome c) lower
activities with the cytosol from the untreated and GT-treated
cells, respectively. In contrast, the cytosol from the GT-treated
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cells kept full competence to support the cell-free activation
when combined with the membranes from the untreated cells.
The results of the combination experiments suggest that GT
directly affects a component of the NADPH oxidase at the
cellular level, probably the membrane component flavocyto-
chrome b558.

Direct effect of GT on the NADPH oxidase during cell-free
activation. We next investigated whether GT is able to exert
direct effect(s) on NADPH oxidase components when included
during enzyme activation in the cell-free assay. In preliminary
experiments we had noted that the above GT-induced direct
cytochrome c reduction occurs even in the assay with the mem-
brane and cytosol from untreated cells (data not shown),
maybe because the presence of GT during preincubation with
native cytosol causes such an effect. Thus, we here substituted
the cytosol with recombinant cytosolic components rp67phox,
rp47phox, and Rac2 (Fig. 2A, inset) and reconstituted O2

�

generation, together with membranes in the presence of MA.
The use of the recombinant proteins succeeded to obviate the
direct cytochrome c reduction, as demonstrated by the null
background rate in the assay (Fig. 2A, �GT). This result con-
firms that the direct cytochrome c reduction in Fig. 1 origi-
nated from reactions between GT present in the cytosol of
GT-treated cells and reactants other than the NADPH oxidase
components. This semirecombinant assay has clearly demon-
strated that GT is able to directly inhibit the NADPH oxidase
activation (95% inhibition with 100 nmol of GT) (Fig. 2A,
�GT versus �GT). The 50% inhibitory concentration (IC50)
of GT preadded into the semirecombinant assay with 1 pmol of
heme equivalent of flavocytochrome b558 was 3.3 �M (1.1 �g/
ml) (Fig. 2B). The IC50 of GT preadded into the assay mixture
consisting of HTG-solubilized flavocytochrome b558 plus native
cytosol (1.5 pmol of heme equivalent plus 100 �g of cytosol;
evaluated with acetylated cytochrome c) was exactly the same
as in the semirecombinant assay (data not shown).

The order of GT addition to the semirecombinant assay,
whether before or after the stimulation with MA, made a strik-
ing difference in the degree of enzyme inhibition: a marked
drop of oxidase activity was observed for a prior addition (Fig.
3, closed bars). In contrast, a posterior addition of GT showed

FIG. 1. Direct reduction of cytochrome c by the cytosol reacted
with GT. Neutrophils were treated with GT (10 �g � 30.6 nmol of GT/
0.25 � 107 cells/ml; �GT) or DMSO vehicle alone (�GT) for 10 min
at 37°C, washed, and fractionated into membranes and cytosol, which
were subsequently tested for their properties as below. (A) Cell-free
activation. Mixtures containing membranes (15 �g of protein: 3 pmol
of heme equivalent of flavocytochrome b558) plus cytosol (250 �g) were
stimulated with 80 nmol of MA for 10 min at room temperature.
Charts show a combination of the fractions from cells (�GT) (a),
membranes from cells (�GT) plus cytosol from cells (�GT) (b), and
both from cells (�GT) (c). Note that in chart c, a striking direct
cytochrome c reduction occurs before NADPH addition. (B) Verifi-
cation of the origin of the direct cytochrome c reduction. Cytosol (50
�g) and membranes (1.5 pmol of heme equivalent) were added to
separate cuvettes containing cytochrome c, and its reduction was re-
corded in the absence of MA. Charts show cytosol [(�GT) (a), cytosol
(�GT) (b), and membranes (�GT)] (c). (C) Assays with INT and
acetylated cytochrome c. The cytosol from cells (�GT) was added to
a cuvette containing cytochrome c (a), acetylated cytochrome c (b), or
INT (c) as an electron acceptor. Reactions were started by the addition
of cytosol (�GT). Where indicated, 0.2 mM NADPH and 200 U of
SOD/ml were added to the cuvettes. The charts are representative of
two experiments done in duplicate.

TABLE 1. Cell-free combination assay with membranes and
cytosol from GT-treated and untreated neutrophils

Medium

Mean NADPH oxidase activitya (%) 	 SD

INT with membranes Acetylated cytochrome c
with membranes

�GT �GT �GT �GT

Cytosol without GT 100.0 	 7.8 60.0 	 1.6� 100.0 	 6.4 69.4 	 4.6�

Cytosol with GT 94.6 	 5.2 66.2 	 10.3† 106.6 	 10.0 74.2 	 3.0†

a Membranes (15 �g of protein: 3 pmol of heme equivalent) and cytosol (250
�g) isolated from neutrophils treated with (�) or without (�) GT (10 �g � 30.6
nmol of GT/0.25 � 107 cells/ml for 10 min at 37°C) were cross-combined for the
stimulation with 80 nmol of MA (see Materials and Methods). After a 5-min
incubation, kinetics were started by the addition of 0.2 mM NADPH to the cuvette.
Rates are expressed as the percentage of the control assays with fractions from
GT-untreated neutrophils (100%; 13.8 	 1.1 mol of INT/s/mol of heme by the INT
assay and 37.9 	 2.4 mol of O2

�/s/mol of heme by the acetylated cytochrome c assay,
respectively). Data show the means of two experiments done in duplicate. � and
†, Significantly different from the corresponding activity with the fractions from
GT-untreated neutrophils at both P 
 0.04 and P 
 0.1, respectively, as deter-
mined by the Student t test (two-tailed test for independent samples).
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a less pronounced inhibition (Fig. 3, open bars). The slight
inhibition with the posterior addition of GT probably reflects
that the activation process has not yet been completed in the
5-min stimulation period with MA. This conclusion is based on
the previous observation (57) that the later addition of GT to
membranes isolated from PMA-stimulated cells, in which the
NADPH oxidase is already assembled, did not affect the en-

zyme activity at all. The same behavior of GT inhibition seen in
Fig. 3 was observed in assays with native cytosol as well (data
not shown). These results suggest that GT has no effects on the
catalysis of the activated NADPH oxidase.

Next, the effect of GT on the consumption of the electron
donor, NADPH, was examined for the NADPH oxidase re-
constituted in vitro with membranes and cytosol from un-
treated neutrophils. When the NADPH oxidase was activated
with MA, it consumed NADPH to generate O2

� (Fig. 4a). In
contrast, null NADPH consumption was observed for the un-
stimulated oxidase (Fig. 4b). GT present during the stimula-
tion with MA prevented the NADPH consumption by the oxi-

FIG. 2. Effect of GT on the cell-free activation of NADPH oxidase.
The effect of GT on the reconstitution of NADPH oxidase was exam-
ined by semirecombinant cell-free system. (A) The reaction mixture
consisting of HTG-solubilized membranes (1 pmol of heme equivalent
of flavocytochrome b558) plus recombinant cytosolic components (36
pmol of rp67phox, 252 pmol of rp47phox, and 252 pmol of GTP�S-loaded
Rac2) was incubated with 30 nmol of GT (�GT) or DMSO vehicle
(�GT) for 3 min at room temperature and then stimulated with 27.5
nmol of MA for an additional 5 min in 0.2 ml of activation buffer. After
dilution to 0.8 ml, O2

� generation was evaluated by the reduction of
cytochrome c. Note the absence of the SOD-insensitive direct reduc-
tion of cytochrome c contrasting with the assay where native cytosol
was used (Fig. 1A). The charts are representative of six experiments
done in duplicate. The purity of the cytosolic components is shown in
the inset. (B) GT dose-dependent inhibition of the NADPH oxidase
activity in the semirecombinant assay shown in panel A, except that GT
was added 5 min before the MA stimulation. The arrow indicates an
IC50 of 3.3 �M. GT concentrations are relative to the final volume of
0.8 ml. The data represent the means 	 the standard deviations of two
experiments done in duplicate.

FIG. 3. Postaddition effect of GT on the cell-free activation of
NADPH oxidase. The NADPH oxidase activation was performed as in
Fig. 2A by using a semirecombinant cell-free assay. For preaddition
(■ ) and postaddition (�) effects, GT was added 3 min before and after
a 5-min stimulation with MA, respectively. The data represent the
means 	 the standard deviations of two experiments done in duplicate.

FIG. 4. Effect of GT on NADPH consumption. HTG-solubilized
membranes (1.5 pmol of heme equivalent) and cytosol (100 �g) were
incubated in the absence (a and b) or presence (c and d) of 92 nmol of
GT for 3 min in 0.1 ml of activation buffer (see Materials and Meth-
ods) before a 5-min stimulation with 36 nmol of MA. The mixture was
then transferred at the point indicated by the arrow to a cuvette preset
in the spectrophotometer containing NADPH (final concentration,
0.125 mM) in the activation buffer. A decrease in the absorbance at
340 nm indicates NADPH consumption.
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dase (Fig. 4c). GT was previously suggested to consume NADPH
for redox cycling reactions, which occur in the presence of oxy-
gen between the disulfide and thiol forms of GT at the expense
of cellular reductants such as NADPH (18, 45). However, the
incubation of membranes and cytosol with GT in the absence
of MA did not consume NADPH (Fig. 4d). Thus, the inhibi-
tion of cell-free activation with GT is unlikely to result from
the depletion of the substrate, NADPH, by the redox cycling
reactions.

The inhibition of O2
� generation described above was com-

pletely canceled by the simultaneous addition of DTT with GT
or when the S-methylated compound of GT, bis-dethio-bis-
(methylthio)-GT, was used instead of GT (data not shown).
The results show that the disulfide bridge of GT is crucial for
its inhibitory effect on the cell-free activation of the oxidase, as
it was in the case of intact cells (57). These findings have
proved that GT directly inhibits the process of enzyme activa-
tion in the cell-free assay.

Effect of treatment of flavocytochrome b558 with GT on its
cell-free reconstituting ability. Since the cell-free combination
experiments in Table 1 suggested that GT is likely to affect the
membrane component of the oxidase in intact cells, we here
treated flavocytochrome b558 of isolated membranes in vitro
with GT and tested for its subsequent activity in the cell-free
activation assay. For this test, membranes (75 pmol of heme
equivalent of flavocytochrome b558) from untreated cells were
treated with GT for 15 min and washed twice to remove un-
reacted GT. Their O2

�-generating activity was then evaluated
after incubation with recombinant cytosolic components in the
presence of MA (Table 2). The oxidase activity decreased by
82.7% of the DMSO vehicle control, showing a significant
inactivation of the GT-treated flavocytochrome b558. The inhi-
bition by 82.7% also indicates that a large part of the inhibition
seen in the aforementioned cell-free activation assays (Fig. 2)
was assigned to the effect of GT on flavocytochrome b558 itself.

Two ways of affecting the functionality of flavocytochrome
b558 are possible: (i) compromising the ability of flavocyto-
chrome b558 to assemble with cytosolic components and (ii)
altering the redox centers in the gp91phox subunit needed for
normal electron transport directly or indirectly through con-
formational change(s) that affect enzyme catalysis. These pos-
sibilities were examined and are discussed below.

Effect of GT on the ability of flavocytochrome b558 to assem-
ble with cytosolic components. The assembly of the NADPH

oxidase in vitro is triggered by the disruption of p47phox in-
tramolecular binding between its SH3 domains and the AIR
with amphiphiles such as MA and SDS, which allows subse-
quent associations of the unmasked SH3 domains and its C-
terminal PRR with the PRR of p22phox and the C-terminal
SH3 of p67phox, respectively (1, 21, 23, 25, 39, 53, 59). Here, we
tested flavocytochrome b558 for the ability to assemble with
cytosolic components upon cell-free activation in the presence
or absence of GT. The interaction of flavocytochrome b558 with
rp47phox and rp67phox was verified first in the absence of Rac2
by immunoprecipitation with anti-p47phox serum. As men-
tioned above, MA stimulation induces the association of
p47phox and p67phox (which is recruited via p47phox) with flavo-
cytochrome b558, and thus the three components are recovered
in the immunoprecipitate with the anti-p47phox serum (Fig. 5A,
lane 1 versus lane 2; see the immunoblotted bands of p22phox

FIG. 5. Effect of GT on in vitro assembly of flavocytochrome b558
with cytosolic components. (A) Analysis of p67phox and p47phox asso-
ciation with flavocytochrome b558. HTG-solubilized membranes (2.5
pmol of heme equivalent) were incubated with rp67phox (3 pmol) and
rp47phox (8.5 pmol) in the presence (�) or absence (�) of 30 nmol of
GT for 5 min and subsequently stimulated with 27.5 nmol of MA for
10 min at room temperature. The mixture was then subjected to im-
munoprecipitation (IP) with anti-p47phox serum or normal serum and
analyzed by immunoblotting plus development with o-dianisidine (see
Materials and Methods). (B) Analysis of Rac2 membrane transloca-
tion. Membranes (6 pmol of heme equivalent) were combined with
rp67phox (36 pmol), rp47phox (252 pmol), and GTP�S-loaded Rac2 (252
pmol) in 0.4 ml of activation buffer in the presence or absence of 60
nmol of GT for 5 min at room temperature. The mixture was then
stimulated with 80 nmol of SDS for an additional 5 min, followed by
loading onto a discontinuous sucrose gradient (15% over 50%) and
centrifugation (see Materials and Methods). The membrane pellet
containing assembled NADPH oxidase was recovered and analyzed by
immunoblotting with anti-Rac2 serum, followed by detection with an
ECL-Plus reaction. Lane 5 shows the addition of GT 5 min after the
SDS stimulation, and lane 6 was loaded with 2 pmol of recombinant
Rac2. The data are representative of two (A) or three (B) experiments.

TABLE 2. O2
�-generating ability of flavocytochrome b558

treated with GT in vitro

Medium
conditions

NADPH oxidase activitya

Mean amt (mol/s/mol
of heme) 	 SD

Mean % inhibition
	 SD

�GT 26.6 	 0.3 0.0 	 1.1
�GT 4.6 	 0.6 82.7 	 2.3

a Membranes from untreated neutrophils were treated in vitro with GT
(2 nmol of GT/pmol of heme; see the legend for Fig. 6) and washed by centrif-
ugation. One picomole of heme equivalent of flavocytochrome b558 was then
combined with recombinant cytosolic components (252 pmol of rp47phox, 36 pmol
of rp67phox, and 252 pmol of GTP�S-loaded Rac2) for the reconstitution of
NADPH oxidase activity in a cell-free assay (see Materials and Methods). O2

�

generation was determined by the cytochrome c assay. Data show the means of
two experiments done in duplicate.
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and p67phox). GT did not affect the interactions among the
three, as shown by the unchanged recoveries of p22phox and
p67phox in the immunoprecipitate (Fig. 5A, lane 3). This ob-
servation was also confirmed by the alternative immunopre-
cipitation with anti-p67phox serum (data not shown). No bands
appeared when normal serum was used for immunoprecipita-
tion (Fig. 5A, lanes 4 and 5). Rac2 was omitted in the exper-
iments because it is known to translocate to the membrane
component independently of p47phox and p67phox (15, 24).
Also, lower amounts of rp47phox (8.5 pmol) and of rp67phox (3
pmol), in a ratio reflecting their content in the neutrophil (28,
38), compared to those for the cell-free O2

� generation (Fig.
2A), were used in the immunoprecipitation assay because the
anti-rp47phox serum also precipitates the majority of rp47phox

not associated with p22phox.
The ability of flavocytochrome b558 to assemble with Rac2,

including p47phox and p67phox, was evaluated by analysis of the
components in the membrane fraction recovered by sucrose
density-gradient centrifugation after SDS stimulation (Fig.
5B). Flavocytochrome b558 associated normally with p67phox

and p47phox in the presence of GT (data not shown), confirm-
ing the results in Fig. 5A. The recruitment of Rac2 to the
complex, which does not depend on the presence of p47phox

and p67phox (Fig. 5B, lane 2) (17, 24), was unaffected by GT,
regardless of its addition before or after oxidase activation with
SDS (Fig. 5B, lanes 4 and 5). These results by the two different
methods demonstrated that GT does not compromise the abil-
ity of flavocytochrome b558 to assemble with the cytosolic com-
ponents.

Heme spectrum analysis of GT-treated flavocytochrome
b558. The effect of GT on the hemes of flavocytochrome b558

was analyzed by oxidized-minus-reduced difference spectra of
membranes treated with GT for 15 min at room temperature.
The spectrum showed the same features as those of GT-un-
treated control membranes, indicating that the hemes were
kept intact (Fig. 6). Specifically, a decrease in heme content
and shifts in characteristic peaks at 426 nm (Soret) and at 558
nm (alpha) could not be detected, showing that the hemes of
the GT-treated flavocytochrome b558, specifically in the gp91phox

subunit, were likely to maintain the normal coordination and
shape.

Other possible target(s) of GT in gp91phox could be the do-
mains involved in the binding of NADPH and FAD, whose
functions depend on appropriate conformational changes dur-
ing the process of enzyme activation (59). The reduction of
INT, an electron flow indicator of the NADPH oxidase (49),
was also inhibited by GT in the cell-free activation assay (data
not shown), in agreement with the inhibition at the cellular lev-
el (Table 1). Moreover, since NADPH consumption was also
inhibited by GT (Fig. 4), it is most likely that GT disables the
electron flow from NADPH to hemes by affecting site(s) re-
quired for the redox function of flavocytochrome b558 but not
its assembly with the cytosolic components p67phox, p47phox,
and Rac2.

DISCUSSION

Considering the early known high sensitivity of NADPH
oxidase toward thiol modifiers, such as N-ethylmaleimide (2,
47), p-chloromercuribenzoate (8, 22, 48), and phenylarsine ox-

ide (PAO) (16, 33, 37, 40), the possibility of the fungal metab-
olite GT, having a disulfide bridge, to react with NADPH
oxidase components was fairly conceivable. We have demon-
strated at the cellular level that GT imposes damage to the
respiratory burst of neutrophils by inhibiting protein kinase C
�II-related responses: p47phox phosphorylation, its incorpora-
tion to the cytoskeleton, and the subsequent membrane trans-
location of p67phox and p47phox (57). However, it remained
unresolved whether GT can also directly affect the NADPH
oxidase components. We show here that GT directly affects
flavocytochrome b558 not only in intact cells but also in the
cell-free activation assay.

In the present study, in order to specify the cellular target of
GT in intact cells, whether membrane or cytosolic components,
we adopted acetylated cytochrome c and INT as electron ac-
ceptors instead of native cytochrome c. Native cytochrome c,
the most widespread detector of O2

�, was strikingly reduced by
direct reduction rather than via O2

�, so that its use in cell-free
combination experiments became unable to show the oxidase
activity (Fig. 1A). This direct cytochrome c reduction stemmed
from the cytosol but not the membranes of GT-treated cells
(Fig. 1B). The use of acetylated cytochrome c and INT, how-
ever, efficiently obviated the side reaction (Fig. 1C). Using
these electron acceptors for the cell-free combination experi-
ments, we were finally able to show that the membrane com-

FIG. 6. Effect of GT on the difference spectrum of flavocytochrome
b558. Membranes (75 pmol of heme equivalent) were treated with 153
nmol of GT for 15 min at room temperature and washed by centrifu-
gation before the determination of dithionite-reduced-minus-oxidized
spectra of flavocytochrome b558 (see Materials and Methods). One-
third aliquots were transferred to black cuvettes for the spectral anal-
ysis. Representative difference spectra at least 5 min after the dithio-
nite addition to untreated (�GT) and GT-treated (�GT) membranes
are shown. The amounts of heme calculated from the Soret peaks at
426 nm were ca. 23 pmol in both cases and fit well with the expected
theoretical value of 25 pmol. The GT-treated membranes were unable
to reconstitute O2

� generation when combined with recombinant cy-
tosolic components in the presence of MA (see Table 2). The data are
representative of three experiments.
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ponent (i.e., flavocytochrome b558), but not cytosolic ones, was
directly affected in the GT-treated neutrophils (Table 1).

Next, we examined the direct effect of GT on the cell-free
activation of NADPH oxidase by using membranes from un-
treated cells and recombinant cytosolic components. As ex-
pected from the results in Table 1, the membranes treated in
vitro with GT also lost 82.7% of the ability to reconstitute O2

�

generation (Table 2). Furthermore, it is noteworthy that the
simultaneous presence of GT with native cytochrome c in the
semirecombinant assay did not cause the above direct reduc-
tion observed with the cytosol (Fig. 2A; see the baseline in the
presence of GT).

The toxicity of GT to the NADPH oxidase in the semire-
combinant assay efficiently occurred during the activation step,
but not after the enzyme has been activated (Fig. 3). This fact
suggests that the site(s) affected by GT is likely to become
inaccessible after the oxidase activation. Furthermore, when a
similar amount of flavocytochrome b558 was used in the cell-
free assays, the IC50s of GT for prior addition were the same
(3.3 �M) regardless of the source of cytosolic components,
whether the recombinants (assayed with cytochrome c, Fig.
2B) or native cytosol (assayed with acetylated cytochrome c
[data not shown]). The equal IC50s should reflect that the
inhibition of the NADPH oxidase with GT occurs based on the
deterioration of the membrane component flavocytochrome
b558 but not of cytosolic ones.

The assembly of flavocytochrome b558 with cytosolic compo-
nents is crucial for the activation of the NADPH oxidase. As
mentioned above, GT impeded the membrane translocation of
cytosolic phox components but not Rac2 in intact cells (57).
Thus, it was examined here whether GT also affects the in vitro
membrane translocation of cytosolic components after stimu-
lation in the cell-free assay. The membrane translocation of
p67phox, p47phox (Fig. 5A), and Rac2 (Fig. 5B) occurred nor-
mally and revealed that GT is innocuous to the association of
flavocytochrome b558 with the cytosolic components.

The present cell-free assay, in which the intramolecular
binding within p47phox is unmasked upon the stimulation with
MA or SDS, proved that GT directly compromises the flavo-
cytochrome b558 function for electron flow but not the assem-
bly of the oxidase components. However, we cannot exclude
the possibility of GT changing the “quality” of the interactions
between flavocytochrome b558 and the cytosolic components;
in a way, they become assembled but do not acquire the “right”
enzyme conformation for catalytic competence.

It is known that GT reacts with cysteine residues accessible
in proteins through forming an intermediary mixed disulfide
structure; furthermore, if an additional cysteine is adjacent,
GT preferentially undergoes reduction to its dithiol form, ox-
idizing the target protein that is left with a disulfide bond (26).
Here, it can be speculated that cysteine residues of flavocyto-
chrome b558 were modified by GT. The primary sequence of
the gp91phox subunit of flavocytochrome b558 shows 12 single
cysteines (residues 59, 64, 72, 126, 185, 244, 257, 282, 329, 428,
445, and 537), two neighboring cysteines (residues 369 and
371), and one vicinal pair (Cys85-86). The vicinal Cys85-86
adjoins the reported p47phox-binding motif in gp91phox

(87STRVRRQL) able to inhibit the cell-free activation of the
NADPH oxidase if added as a synthetic peptide (11). Predic-
tion from the primary sequence of gp91phox also maps the

Cys85-86 to a loop facing the cytosol (for a review, see refer-
ence 59), which means that they could be easily attacked by
membrane permeable GT. These cysteines are also quite close
to His101, which coordinates a heme, together with His209 (5,
20). This heme is positioned very near the cytoplasmic face of
the membrane, in the neighborhood of the FAD-binding site
of gp91phox (59). Binding of GT to the vicinal Cys85-86 could
have affected critical parameters in the heme-surroundings
needed for electron flow but not to the point of drastically
perturbing the heme, as demonstrated by the unaltered heme
spectrum of GT-treated flavocytochrome b558 (Fig. 6).

Another pair of cysteines that deserve attention are those at
positions 369 and 371 in the cytoplasmic tail of gp91phox. These
cysteines, as well as the aforementioned Cys85-86, were previ-
ously reported to be candidate sites targeted by PAO (16).
PAO forms a ring complex specifically with vicinal or neigh-
boring thiols (52) and, like GT, only inhibits if used before
NADPH oxidase activation (16, 33, 37, 40). Thus, the binding
of GT to the Cys369 and Cys371, which are located between
the FAD- and NADPH-binding sites of gp91phox, may also
affect the electron transfer. Finally, the possibility that target-
ing of any single cysteines by GT may contribute to the inhi-
bition of the electron transfer also cannot be excluded. The
other subunit of flavocytochrome b558, p22phox, has only two
cysteines considerably separated each other (residues 50 and
113), thus making damage through formation of disulfide bond
between them less probable. Indeed, GT did not inhibit the
interaction between p22phox and p47phox (Fig. 5A), which sug-
gests little effect of GT on p22phox.

The high incidence of aspergillosis in chronic granulomatous
disease patients suggests that ROS produced by neutrophils
are a crucial weapon against Aspergillus spp. (9, 27, 51). Thus,
the most effective way for Aspergillus spp. to show virulence is
to attack the phagocyte NADPH oxidase with GT. In the
present study, we have demonstrated by using the cell-free
activation assay that GT directly affects the NADPH oxidase
component, flavocytochrome b558. The inhibition by GT most
likely consists of preventing flavocytochrome b558 from func-
tioning as the redox center. Since the direct effect of GT on
flavocytochrome b558 also occurred in intact neutrophils (Table
1), it is likely that, in the course of infection, GT-producing
pathogenic Aspergillus escape the host defense-committed neu-
trophil NADPH oxidase in at least two ways: by inhibiting the
protein kinase C �II-related responses necessary for oxidase
assembly (57) and by inhibiting the flavocytochrome b558-based
redox reactions described in the present study. This double
targeting of the ROS-based defense by GT would make it
easier for the toxin-producing strains to accomplish rapid my-
celial growth, thus increasing the risk of invasive aspergillosis
even in an immunocompetent host.
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bacher. 1988. Gliotoxin causes oxidative damage to plasmid and cellular
DNA. J. Biol. Chem. 263:3772–3777.

19. El Benna, J., L. P. Faust, and B. Babior. 1994. The phosphorylation of the
respiratory burst oxidase component p47phox during neutrophil activation.
Phosphorylation of sites recognized by protein kinase c and proline-directed
kinases. J. Biol. Chem. 269:23431–23436.

20. Finegold, A. A., K. P. Shatwell, A. W. Segal, R. D. Klausner, and A. Dancis.
1996. Intramembrane bis-heme motif for transmembrane electron transport
conserved in a yeast iron reductase and the human NADPH oxidase. J. Biol.
Chem. 271:31021–31024.
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