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The tyrosine kinase inhibitor herbimycin A was found
to block NF-kB stimulation in response to interleukin-1
and phorbol 12-myristate 13-acetate in EL4.NOB-1 thy-
moma cells and phorbol 12-myristate 13-acetate in Jur-
kat T lymphoma cells. The effect appeared not to involve
inhibition of tyrosine kinase activation as neither inter-
leukin-1 nor phorbol 12-myristate 13-acetate induced
major changes in tyrosine phosphorylation in
EL4.NOB-1 or Jurkat cells, respectively. Herbimycin A
did not interfere with IkB-a degradation, and in un-
stimulated cells, it modified NF-kB prior to chemical
dissociation with sodium deoxycholate. Because herbi-
mycin A is thiol-reactive, we suspected that the target
was the p50 subunit of NF-kB, which has a key thiol at
cysteine 62. Herbimycin A inhibited DNA binding when
added to nuclear extracts prepared from stimulated
cells, which were shown to contain high levels of p50.
Incubation of herbimycin A with 2-mercaptoethanol at-
tenuated the effect. Herbimycin A was also shown to
react directly with p50, blocking its ability to bind to the
NF-kB consensus sequence. However, a mutant form of
p50 in which cysteine 62 was mutated to serine was
insensitive to herbimycin A. Finally, we demonstrated
that the compound inhibited the expression of inter-
leukin-2 (an NF-kB-regulated gene) in EL4.NOB-1 cells.
These data therefore suggest that herbimycin A inhib-
its NF-kB by modifying the p50 subunit on cysteine 62
in the NF-kB complex, which blocks DNA binding and
NF-kB-driven gene expression. The results urge cau-
tion in the use of herbimycin A as a specific tyrosine
kinase inhibitor and suggest that the development of
agents that selectively modify p50 may have potential
as a means of inhibiting NF-kB-dependent gene
transcription.

NF-kB is a transcription factor that regulates the expression
of genes involved in the immune and inflammatory responses,
including many that code for cytokines, cell-surface receptors,
adhesion molecules, and acute-phase proteins (1). It becomes
activated in many cell types in response to viruses, bacteria,
and stress factors as well as inflammatory cytokines such as
interleukin-1 (IL-1)1 (2) and nonphysiological stimuli such as
the protein kinase C activator phorbol 12-myristate 13-acetate

(PMA) (3). The DNA-binding subunits of NF-kB currently com-
prise five members in mammals: p50, p65 (RelA), c-Rel, p52,
and RelB (4–6). RelA, RelB, and c-Rel are capable of transac-
tivation, normally forming heterodimers with p50 or p52. This
results in complexes with high DNA binding affinity. The pre-
dominant form of NF-kB in resting cells, however, is a p50-
RelA heterodimer, which is retained in the cytoplasm com-
plexed to an inhibitor protein, IkB. Upon stimulation with such
agents as IL-1, IkB dissociates from the NF-kB heterodimer,
which translocates to the nucleus, where it binds with high
affinity to the NF-kB consensus sequence in target genes,
thereby modulating gene expression (1, 3). Multiple forms of
IkB also occur (6–10), with IkB-a and IkB-b being the two most
important forms for NF-kB activation.
A model for NF-kB activation involving phosphorylation and

proteolysis of IkB-a has been proposed (11–14). The evidence
for proteolysis has come from studies demonstrating IkB-a
degradation during the activation process and from the obser-
vation that inhibitors of chymotrypsin-like proteases block
NF-kB activation in response to diverse stimuli (14). Recent
evidence suggests that the multicatalytic cytosolic protease
(proteosome) may be responsible for IkB-a breakdown (15). A
role for phosphorylation was indicated in studies demonstrat-
ing phosphorylation of IkB-a in vitro by protein kinases A and
C and heme-activated kinase, which resulted in dissociation of
IkB from NF-kB (16–18). Furthermore, a transient change in
the electrophoretic mobility of IkB was apparent in cytosolic
extracts following exposure of cells to diverse stimuli. Treat-
ment of these extracts with calf intestinal phosphatase or po-
tato acidic phosphatase followed by Western blot analysis
showed that this modified form was converted to the unmodi-
fied (nonphosphorylated) form (11). Phosphorylation of IkB-a
has not been shown directly, however, nor has the protein
kinase(s) responsible for IkB phosphorylation in intact cells
been isolated. Recent evidence has suggested that IkB-a phos-
phorylation may tag the protein for subsequent and rapid deg-
radation by the chymotrypsin-like subunit of the proteosome,
indicating that both phosphorylation and proteolysis are
equally necessary for NF-kB activation (15). Further complex-
ity is suggested, however, from studies demonstrating that
both p50 and RelA become phosphorylated upon activation
of cells and require phosphorylation for DNA binding and
transactivation (19).
The involvement of a tyrosine kinase in NF-kB activation

has been indicated from the observation that tyrosine kinase
inhibitors such as herbimycin A and genistein inhibit NF-kB
activation in response to IL-1 (20–22). The target for these
inhibitors has not been precisely determined, however. Both
inhibitors have different mechanisms of action. Genistein is a
competitive inhibitor for tyrosine kinases (23), while it has
been suggested that herbimycin A, through its benzaquinone
moiety, can directly modify a key thiol group on Src and Abl
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tyrosine kinases (24, 25). The possible involvement of a Src-like
tyrosine kinase was further suggested from studies demon-
strating that expression of v-src in T cells correlated with
NF-kB activation, which was sensitive to herbimycin A (26).
Using herbimycin A, we have attempted to clarify the role of

tyrosine kinases in the activation of NF-kB in response to IL-1
and PMA in the murine thymoma cell line EL4.NOB-1 and
PMA in the human T lymphoma line Jurkat E6.1. Our results
suggest that the inhibitory effect is consistent with a model
involving the direct covalent modification of the p50 subunit of
NF-kB, rather than inhibition of tyrosine kinase activity or
other signals that lead to IkB-a dissociation and degradation in
these cells. The results further suggest that, using herbimycin
A, it is possible to modify the p50 subunit of NF-kB in intact
cells and interfere with DNA binding and NF-kB-driven gene
expression.

EXPERIMENTAL PROCEDURES

Materials—The murine thymoma cell line EL4.NOB-1 and the hu-
man lymphoblast line Jurkat E6.1 were obtained from the European
Collection of Animal Cell Cultures (Salisbury, United Kingdom). RPMI
l640 medium and fetal calf serum were from Gibco BRL. Penicillin/
streptomycin was purchased from Life Technologies Inc. Human recom-
binant IL-1a was a gift from Dr. J. Saklatvala (Babraham Institute,
Cambridge, United Kingdom). PMA, nuclease-free bovine serum albu-
min, goat anti-rabbit IgG (whole molecule) peroxidase conjugate, apro-
tinin, leupeptin, phenylmethylsulfonyl fluoride, phosphotyrosine, phos-
phoserine, sodium deoxycholate, Nonidet P-40, 2-mercaptoethanol, and
DTT were purchased from Sigma (Poole, Dorset, United Kingdom).
Herbimycin A was supplied by Calbiochem (Nottingham, United King-
dom). Poly(dIzdC) was from Pharmacia Biosystems (Milton Keynes,
United Kingdom). T4 polynucleotide kinase, the 22-base pair oligonu-
cleotide containing the NF-kB consensus sequence (underlined; 59-AGT-
TGAGGGGACTTTCCCAGGC-39), and human recombinant p50 were
purchased from Promega. The C62S p50 mutant was a kind gift from
Professor Ron Hay (University of St. Andrews, St. Andrews, Scotland).
[g-32P]ATP (10 mCi/mmol), enhanced chemiluminescence (ECL) re-
agents, and anti-mouse IgG peroxidase conjugate were from Amersham
International (Aylesbury, United Kingdom). The monoclonal antibody
to phosphotyrosine was from Boehringer Mannheim (Mannheim, Ger-
many). The affinity-purified rabbit polyclonal antibody raised against
the amino-terminal domain of human IkB-a/MAD-3, the rabbit poly-
clonal antibody raised against the 15-amino acid sequence mapping at
the nuclear localization sequence region of p50, and the rabbit poly-
clonal antibody raised against the carboxyl-terminal domain of human
RelA and the amino terminus of c-Rel were supplied by Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Purified murine anti-IL-2, recom-
binant murine IL-2, biotinylated murine anti-IL-2, and avidin-peroxi-
dase were supplied by Pharmingen (San Diego, CA).
Cell Culture—Human Jurkat E6.1 lymphoblast and murine

EL4.NOB-1 thymoma cells were cultured in RPMI 1640 medium. All
medium was supplemented with 100 units/ml penicillin, 100 mg/ml
streptomycin, and 10% (v/v) fetal calf serum. Cells were maintained at
37 °C in a humidified atmosphere of 5% CO2. IL-1a and PMA stimula-
tion was performed on cells in serum-containing medium at 37 °C for all
experiments unless otherwise stated.
Preparation of Subcellular Fractions—Subcellular fractions were

prepared as described previously (27). Briefly EL4.NOB-1 or Jurkat
cells (1–5 3 106/ml) were plated into 24-well plates (16-mm diameter)
20 min before stimulation. Cells were activated with IL-1a (10 ng/ml) or
PMA (100 ng/ml) for different time periods. In some experiments, cells
were pretreated with herbimycin A for 1 h before IL-1a or PMA treat-
ment. Stimulation of cells was terminated by addition of ice-cold PBS,
and nuclear and cytosolic extracts were prepared as described previ-
ously (27). Protein concentrations of nuclear extracts were determined
by the method of Bradford (28), and the extracts were assayed imme-
diately for NF-kB activity or stored at 270 °C until further use. All of
the above steps were performed at 4 °C unless otherwise stated.
Electrophoretic Mobility Shift Assay—Nuclear extracts (4 mg of pro-

tein) were incubated with 10,000 cpm of a 22-base pair oligonucleotide
containing the NF-kB consensus sequence that previously had been
labeled with [g-32P]ATP (10 mCi/mmol) by T4 polynucleotide kinase
(29). Incubations were performed for 30 min at room temperature in the
presence of 2 mg of poly(dIzdC) and 100 mM Tris-HCl, pH 7.5, containing
100 mM NaCl, 10 mM EDTA, 50 mM DTT, 40% (w/v) glycerol, and 1

mg/ml nuclease-free bovine serum albumin. In some experiments, an-
tibodies to p50, RelA, or c-Rel were added to the extracts before incu-
bation with labeled oligonucleotide. Cell-free activation of latent NF-kB
activity required pretreatment of cytosolic extracts (4 mg of protein)
with 0.8% (w/v) sodium deoxycholate and 1.1% (w/v) Nonidet P-40 for 10
min on ice before incubation as described above with the labeled oligo-
nucleotide probe. All incubations were subjected to electrophoresis on
native 5% (w/v) polyacrylamide gels that were subsequently dried and
autoradiographed.
In Vitro Experiments with Nuclear Extracts and p50—Nuclear ex-

tracts (4 mg) from IL-1a-stimulated cells (10 ng/ml, 1 h) were incubated
in vitro with herbimycin A or a mixture of herbimycin A and 2-mercap-
toethanol (142 mM) for 10 min at room temperature. The mixture of
herbimycin A and 2-mercaptoethanol was incubated for 10 min at room
temperature prior to addition to extract. Extracts from IL-1-treated
cells were also incubated with vehicle (dimethyl sulfoxide) or 2-mercap-
toethanol alone. Binding buffer and poly(dIzdC) were then added, fol-
lowed by a 30-min incubation with radiolabeled NF-kB probe. Extracts
were analyzed for NFkB DNA binding activity by electrophoretic mo-
bility shift assay. This protocol was also carried out using nuclear
extracts prepared in DTT-free buffers.
Experiments were also carried out with recombinant human p50 and

a mutant form of this protein in which cysteine 62 was mutated to
serine. Both proteins were in buffer comprising 10 mM Tris-HCl, pH 7.5,
1 M NaCl, 10 mM EDTA, 40% glycerol, 1 mg/ml nuclease-free bovine
serum albumin, and 0.25 mM DTT. 11 ng of p50 or 200 ng of C62S
mutant were incubated with herbimycin A (100–0.1 mM) for 2 h at 37 °C
prior to assessing DNA binding. Higher amounts of mutant were re-
quired to detect DNA binding, as described previously (30).
Anti-phosphotyrosine Immunoblot Analysis—Cells (5 3 106/ml) were

preincubated in RPMI 1640 medium for 15 min at 37 °C prior to treat-
ment with 2 mM herbimycin A for 1 h. Samples were then either
unstimulated or stimulated with IL-1a (10 ng/ml) or PMA (100 ng/ml)
for various time periods. Stimulation was terminated by addition of
ice-cold PBS containing 10 mM NaF, 400 mM Na3VO4, and 5 mM EDTA.
The samples were centrifuged at 150 3 g for 5 min, and the pellets were
resuspended in lysis buffer containing 1% (v/v) Triton X-100, 10 mM

Tris-HCl, pH 7.6, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophos-
phate, 50 mM NaF, 500 mM Na3VO4, 2 mg/ml aprotinin, 10 mM phenyl-
methylsulfonyl fluoride, and 100 mM leupeptin. Following a 30-min
incubation at 4 °C, the lysates were clarified by centrifugation at 14,000
3 g in a microcentrifuge for 15 min at 4 °C. The supernatants were
assayed for protein (28), and an aliquot containing 40 mg of protein was
mixed with 2 3 Laemmli sample buffer (31) and then boiled for 2 min.
Equal amounts of protein were resolved by electrophoresis on an SDS-
10% polyacrylamide gel (31). The proteins were then transferred onto
nitrocellulose membrane and stained with Ponceau S, and the molecu-
lar mass standards were marked. The blots were blocked in PBS, 0.5%
(v/v) Tween 20 containing 5% (w/v) nonfat milk for 1 h at room temper-
ature, followed by three washes in PBS, 0.5% (v/v) Tween 20 (the two
initial washes were 5 min each, whereas the third was 15 min). The
blots were incubated with monoclonal antibody to phosphotyrosine for 1
h at room temperature and then washed three times as before. Finally,
the blots were incubated with a 1:15,000 dilution of anti-mouse IgG
peroxidase conjugate for 45 min, followed by five washes (four 5-min
washes and one 15-min wash). The blots were developed by ECL West-
ern blotting (Amersham International) according to the manufacturer’s
recommendations.
Anti-IkB-a Immunoblot Analysis—Cells (5 3 106 to 1 3 107) were

preincubated in RPMI 1640 medium for 15 min at 37 °C prior to treat-
ment with 2 mM herbimycin A for 1 h. Samples were then either
unstimulated or stimulated with IL-1a (10 ng/ml) or PMA (100 ng/ml)
for various time periods. Stimulation was terminated by addition of
ice-cold PBS, and the samples were centrifuged at 150 3 g for 5 min.
The pellets were resuspended in ice-cold radioimmune precipitation
assay buffer (PBS, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxy-
cholate, and 0.1% (w/v) SDS) containing 0.1 mg/ml phenylmethylsulfo-
nyl fluoride, 10 mg/ml aprotinin, and 1 mM Na3VO4. Following gentle
mixing, the samples were incubated for 30 min on ice. The cells were
further disrupted by passage through 21-gauge needles (10 strokes). An
additional 0.1 mg/ml phenylmethylsulfonyl fluoride was added to each
sample, and then a 30-min incubation on ice followed. Finally, the
samples were centrifuged at 14,000 3 g for 20 min at 4 °C, and the
supernatant constituted the total cell lysate. The supernatants were
assayed for protein (28), and an aliquot containing 20 mg of protein was
mixed with 2 3 Laemmli sample buffer and boiled as described above.
Equal amounts of protein were resolved by electrophoresis on an SDS-
10% polyacrylamide gel. The proteins were transferred onto nitrocellu-
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lose membrane and then stained with Ponceau S, and the molecular
mass standards were marked. The blots were blocked in PBS containing
5% (w/v) nonfat milk for 1 h at room temperature, followed by two 2-min
washes in PBS, 0.5% (v/v) Tween 20. The blots were incubated in
anti-IkB antibody for 1 h at room temperature and then washed three
times in PBS (the first two washes were 7 min in length, and the final
wash was 3 min). A dilution of anti-rabbit IgG peroxidase conjugate
(1:4000) prepared in PBS was incubated with the membrane for 45
min at room temperature. Finally, the membrane was washed four
times in PBS (the first three washes were 5 min in length, and the
final wash was 15 min). The blots were developed by ECL Western
blotting (Amersham International) according to the manufacturer’s
recommendations.
Interleukin-2 Assay—Cells (1 3 106/ml) were seeded in 24-well plates

in RPMI 1640 medium containing 10% (v/v) fetal calf serum. Following
a preincubation of 15 min at 37 °C, cells were treated with varying
concentrations of herbimycin A for 1 h. Cells were then either unstimu-
lated or stimulated with IL-1a (5 ng/ml) or PMA (1 ng/ml) for 24 h at
37 °C. The plates were centrifuged at 150 3 g for 10 min at room
temperature. The supernatants were removed and stored at 220 °C
until assayed. IL-2 was measured using an enzyme-linked immunosor-
bent assay as described (32).
Statistical Analysis—Significance was evaluated by Student’s t test

for paired data.

RESULTS

Herbimycin A Inhibits NF-kB Activation Induced by IL-1 and
PMA in EL4.NOB-1 Thymoma Cells and Jurkat T Lymphoma
Cells—Fig. 1 demonstrates the effect of herbimycin A on NF-kB
activation by IL-1 and PMA in EL4.NOB-1 thymoma cells and
PMA in Jurkat T lymphoma cells. Nuclear extracts from un-
treated EL4 cells contained trace levels of NF-kB (Fig. 1, A and
B, lane 1). Upon treatment with IL-1 (10 ng/ml) for 1 h, the
level of this constitutive form of NF-kB increased, and two
additional complexes of lower electrophoretic mobility ap-
peared in the nucleus (Fig. 1A, lane 2), as described previously
(33, 34). Pretreating cells with herbimycin A for 1 h resulted in
a concentration-dependent inhibition of NF-kB activation de-
tectable in nuclear extracts (Fig. 1A, lanes 6–8). Herbimycin A
had no effect on its own (Fig. 1A, lanes 3–5). The activation of
NF-kB by PMA (100 ng/ml) in EL4 cells also proved sensitive to
inhibition. As shown previously, EL4 cells require stimulation
for up to 24 h with PMA before NF-kB activation is detectable
(Fig. 1B, lane 2) (34). As with IL-1, however, herbimycin A
inhibited this response over the concentration range 0.02–2 mM

(Fig. 1B, lanes 6–8). Herbimycin A did not have any effect on
its own over this time course (Fig. 1B, lanes 3–5).
The ability of herbimycin A to inhibit the activation of NF-kB

by PMA was in direct contrast to a previous study (20), which
reported that PMA activation of NF-kB in 70Z/3 pre-B cells was
insensitive to the drug. 70Z/3 cells differ from EL4 cells in that
the activation of NF-kB by PMA in the cells is more rapid. We
therefore next examined another cell type in which PMA
causes rapid activation of NF-kB, the human T lymphoma line
Jurkat E6.1. A 1-h treatment of the cells with PMA resulted in
a strong activation of NF-kB (Fig. 1C, lane 2), which was
sensitive to herbimycin A, with concentrations of 0.02–2 mM

inhibiting this activation (lanes 3–5). Furthermore, a similar
pattern of inhibition was observed following a 24-h exposure to
PMA (data not shown).
IL-1 and PMA Do Not Cause Major Changes in Tyrosine

Phosphorylation in EL4.NOB-1 or Jurkat E6.1 Cells—We next
attempted to monitor possible changes in tyrosine phosphoryl-
ation of proteins in cells exposed to IL-1 or PMA and to deter-
mine whether such changes, if any, were sensitive to herbimy-
cin A. No dramatic changes in tyrosine phosphorylation were
observed. IL-1 caused a weak increase in tyrosine phosphoryl-
ation of proteins in EL4 cells, ranging in molecular mass from
29 to 66 kDa (Fig. 2A, lanes 2 and 3), 5–10-min post-stimula-
tion. Pretreatment of the cells with herbimycin A (2 mM) for 1 h

had only a marginal effect on both basal phosphorylation (Fig.
2A, lane 4) and the changes induced by IL-1 (lanes 5 and 6).
Control and IL-1-treated sample lanes incubated with primary
antibody and excess phosphotyrosine (Fig. 2A, lanes 7 and 8) or
phosphoserine (lanes 9 and 10) are also shown, demonstrating
that the primary antibody was specifically detecting phospho-
tyrosine. Similarly, in Jurkat T cells, PMA caused only a minor
increase in tyrosine phosphorylation over 10 min (Fig. 2B,
lanes 1–3) in proteins between 45 and 66 kDa. No inhibition of
these changes was seen when Jurkat cells were preincubated

FIG. 1. Herbimycin A inhibits NF-kB activation by IL-1a and
PMA in EL4.NOB-1 and Jurkat E6.1 cells. Cultures of EL4.NOB-1
cells (1–5 3 106/ml) were pretreated with the indicated concentrations
of herbimycin A (HbA) or medium alone for 1 h, followed by stimulation
with or without IL-1a (10 ng/ml) for 1 h (A) or PMA (100 ng/ml) for 24
h (B). Cultures of Jurkat E6.1 cells (5 3 106/ml) were similarly pre-
treated with herbimycin A, followed by stimulation with PMA (100
ng/ml) for 1 h (C). Nuclear extracts were prepared subsequent to stim-
ulation and analyzed for NF-kB binding activity as described under
“Experimental Procedures.” Open arrowheads indicate constitutive NF-
kB, and closed arrowheads indicate induced NF-kBzDNA complexes.
Unbound free probe (FP) is shown in A, while B and C show NF-
kBzDNA complexes only.
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with herbimycin A (Fig. 2B, lanes 4–6). Because of the disap-
pointing changes observed, we carried out a positive control
experiment in which Jurkat cells were treated with a combi-
nation of PMA and phytohemagglutinin (PHA), which are po-
tent activators of T lymphocytes (35), with PHA being a strong
stimulator of tyrosine phosphorylation (36). Treatment of Jur-
kat T cells for 5 min with PMA and PHA resulted in a promi-
nent increase in tyrosine phosphorylation of proteins with mo-
lecular masses ranging from ,29 to 66 kDa (Fig. 2C, lanes 2
and 3). Pretreatment with herbimycin A markedly inhibited
these changes (Fig. 2C, lanes 4 and 5). We therefore concluded
that neither IL-1 nor PMA dramatically affected tyrosine phos-
phorylation in EL4 or Jurkat cells, respectively, and that any

changes observed were marginally sensitive to herbimycin A.
Herbimycin A Does Not Prevent IL-1- or PMA-stimulated

IkB-a Degradation and Modifies NF-kB Prior to Chemical Dis-
sociation with Deoxycholate—We next determined whether
herbimycin A could inhibit a key event in the signal transduc-
tion pathway to NF-kB activation, the degradation of IkB-a (14,
15). Cells treated with IL-1 or PMA were probed for IkB-a by
Western blotting of cell extracts. Treatment of EL4 cells with
IL-1 for 10 min caused a marked decrease in detectable IkB-a
(Fig. 3A, lanes 1–3). Pretreatment of the cells with 2 mM herbi-
mycin A for 1 h had no effect on this response and actually
caused a marked potentiation of the degradation (Fig. 3A, lanes
4–6). Similarly, PMA caused a decrease in IkB-a in Jurkat cells
after 30 min of stimulation (Fig. 3B, lanes 1 and 2), which again
was not inhibited by prior incubation with herbimycin A (lanes
3 and 4). Herbimycin A again had a marked potentiating effect
on the degradation of IkB-a. The results from these experi-
ments suggested that the target for herbimycin A was unlikely
to be the release and proteolysis of IkB-a.
This was further suggested from studies involving deoxy-

cholate-treated cytosolic extracts, as shown in Fig. 3C. As has

FIG. 2. Effect of herbimycin A on protein tyrosine phosphoryl-
ation in EL4.NOB-1 and Jurkat E6.1 cells. Cultures of EL4.NOB-1
(A) and Jurkat (B) cells (5 3 106/ml) were pretreated for 1 h with 2 mM

herbimycin A (HbA) or left untreated and then exposed to medium and
IL-1a (10 ng/ml) (A), PMA (100 ng/ml) (B), or PMA (10 ng/ml) and PHA
(10 mg/ml) (C) for the indicated times. Cell lysates were prepared and
subjected to SDS-polyacrylamide gel electrophoresis along with protein
molecular mass markers as described under “Experimental Proce-
dures.” The proteins were transferred onto nitrocellulose membranes
and stained with Ponceau S to ascertain equal loading and position of
molecular mass markers. The blots were then probed with anti-phos-
photyrosine antibody and processed as recommended using enhanced
chemiluminescence. A shows a control extract and an IL-1-treated
extract from EL4 cells probed using the primary antibody in the pres-
ence of 1.5 mM phosphotyrosine (lanes 7 and 8) or 1.5 mM phosphoserine
(lanes 9 and 10). Molecular mass standards are indicated in kilodaltons.
Arrowheads indicate the proteins that consistently showed enhanced
phosphorylation in response to IL-1a (A), PMA (B), or PMA 1 PHA (C).

FIG. 3. Herbimycin A does not prevent the IL-1a- or PMA-
stimulated degradation of IkB-a and modifies NF-kB prior to
chemical dissociation with deoxycholate. Cell cultures (5 3 106/
ml) were pretreated either with medium or with 2 mM herbimycin A
(HbA) for 1 h prior to stimulation for various periods with IL-1a (10
ng/ml) for EL4.NOB-1 cells (A) or with PMA (100 ng/ml) for Jurkat E6.1
cells (B). Cell lysates were prepared according to the method outlined
under “Experimental Procedures” and subjected to SDS-polyacrylamide
gel electrophoresis. Proteins were transferred to nitrocellulose mem-
branes and probed with anti-IkB-a antibody according to the manufac-
turer’s recommendations (Santa Cruz Biotechnology, Inc.). Blots were
developed as recommended for enhanced chemiluminescence (Amer-
sham International). No other proteins other than those shown were
detected. Corresponding molecular mass markers are shown in kilodal-
tons. In C, EL4.NOB-1 cells (5 3 106/ml) were left untreated (lanes 1
and 2) or were treated with herbimycin A (2 mM) (lanes 3 and 4) for 1 h;
cytosolic extracts were prepared and left untreated (lanes 1 and 3) or
were treated with deoxycholate and Nonidet P-40 (lanes 2 and 4) as
described under “Experimental Procedures.” Samples were then as-
sessed for NF-kB. NF-kBzDNA complexes are presented.
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been well documented, treatment of cytosolic extracts prepared
from unstimulated cells with detergents such a deoxycholate
and Nonidet P-40 will reveal latent NF-kB by chemically dis-
sociating IkB from the NF-kB complex (37). Deoxycholate-
treated cytosolic extracts from EL4 cells incubated with herbi-
mycin A showed decreased DNA binding activity compared
with control cells that had not been exposed to herbimycin A
(Fig. 3B, compare lanes 2 and 4). This result suggested that
herbimycin A was able to interfere with NF-kB while com-
plexed with IkB-a in the cytosol and that this impaired the
DNA binding capability of the p50-RelA heterodimer.
Herbimycin A Reacts Directly in Vitro with IL-1-activated

NF-kB—Our failure to clearly demonstrate herbimycin A-sen-
sitive tyrosine phosphorylation changes in response to IL-1 and
PMA, coupled with the lack of effect of the drug on IkB-a
degradation, suggested that signal transduction processes were
not the target for herbimycin A. As herbimycin A contains a
thiol-reactive benzaquinone moiety (38), we therefore deter-
mined its effect on NF-kB in vitro as the p50 subunit of NF-kB
contains a key thiol group on cysteine 62 that, if modified
substantially, decreases DNA binding (30). Initial experiments
demonstrated that higher concentrations of herbimycin A were
needed to inhibit DNA binding in vitro than those seen in intact
cells, as shown in Fig. 4A. Incubation of extracts from IL-1-
treated cells with 250 mM herbimycin A reduced DNA binding
dramatically (Fig. 4A, lane 3). Interestingly, when 1 ml of 10%
2-mercaptoethanol was incubated with herbimycin A prior to
addition to the NF-kB extract/DNA probe mixture, the effect of
the herbimycin A was abolished, as indicated by the ability of
NF-kB to bind DNA as normal (Fig. 4A, lane 4). A similar effect
was observed with excess DTT (data not shown). 2-Mercapto-
ethanol alone or a vehicle control for herbimycin A had little
effect (Fig. 4A, lanes 5 and 6). A possible interpretation of this
result was that a covalent reaction had occurred with a thiol
group on NF-kB, most probably on the p50 subunit. The neu-
tralization of herbimycin A by thiol-containing compounds such
as 2-mercaptoethanol was most likely due to a reaction with
the benzaquinone moiety on herbimycin A.
We suspected that the presence of 50 mM DTT in the DNA

binding reaction buffer might react with herbimycin A, thus
decreasing the concentration of herbimycin A available to react
with thiol group(s) on NF-kB. Therefore, we probed this possi-
bility as this could account for the higher concentration of
herbimycin A required in vitro to observe an effect. This in-
volved carrying out the binding reaction in the absence of DTT
as well as using nuclear extracts prepared in DTT-free buffers.
As DTT aids DNA binding, the overall binding capability of
IL-1-activated NF-kB was slightly diminished (Fig. 4B, lane 1)
Much lower concentrations of herbimycin A were capable of
inhibiting DNA binding in the absence of DTT, however (Fig.
4B, lanes 2–5). Prior incubation of herbimycin A with 2-mer-
captoethanol again prevented herbimycin A from affecting
NF-kB (Fig. 4B, lanes 6–9). The presence of 2-mercaptoethanol
generally increased DNA binding in all samples, as expected
(Fig. 4B, lanes 6–9), with DTT having a similar effect (data not
shown). High concentrations of vehicle (dimethyl sulfoxide)
equivalent to those used in experiments with 250 mM herbimy-
cin A had a modest inhibitory effect on the fastest migrating
complex (Fig. 4B, lane 10).
Herbimycin A Reacts with Human Recombinant p50, but Not

with the C62S Mutant—As we suspected that p50 was a target
for herbimycin A in the NF-kB complex, we next carried out in
vitro experiments with recombinant human p50 and attempted
to demonstrate the presence of p50 in nuclear extracts from
IL-1- and PMA-treated cells. Fig. 5A (lanes 2 and 3) demon-
strates that the ability of p50 to bind the NF-kB consensus

sequence was blocked by herbimycin A at concentrations from
10 to 100 mM, indicating that herbimycin A could directly mod-
ify p50. We next tested its effect on a p50 mutant in which
cysteine 62 was substituted with serine. This is the only cys-
teine in p50 that is important for DNA binding (30). The mu-
tant protein has a much lower affinity for the kB site (30), and
200 ng of C62S mutant were used. Herbimycin A did not inhibit
the ability of this mutant to bind DNA at any concentration
tested (Fig. 5B).
We next demonstrated the presence of p50 in IL-1- and

PMA-treated cell extracts. Fig. 6A (lane 4) shows that nuclear
extracts from IL-1-stimulated EL4.NOB-1 cells contained large
amounts of p50, as indicated by specific antibodies to p50
causing a supershift in the DNA probe. p50 was also detected in
untreated samples (Fig. 6A, lane 3). Much lower amounts of
RelA were evident in the samples (Fig. 6A, lane 6), the gels
requiring prolonged exposure to reveal this subunit, hence the
high levels of NF-kB apparent in samples prepared from un-
stimulated cells shown in this figure. No evidence for c-Rel in

FIG. 4. Herbimycin A reacts directly in vitro with IL-1a-acti-
vated NF-kB and recombinant p50. A, nuclear extracts (4 mg) from
IL-1a-stimulated cells (10 ng/ml, 1 h) (lane 2) were incubated in vitro
with 250 mM herbimycin A (lane 3) or a mixture of herbimycin A (HbA)
and 2-mercaptoethanol (2-ME) (142 mM) (lane 4) for 10 min at room
temperature. The mixture of herbimycin A and 2-mercaptoethanol had
been incubated for 10 min at room temperature prior to addition to
extract. Extracts from IL-1-treated cells were also incubated with ve-
hicle (dimethyl sulfoxide) (lane 5) or 2-mercaptoethanol (142 mM) alone
(lane 6). Binding buffer and poly(dIzdC) were then added, followed by a
30-min incubation with radiolabeled NF-kB probe. Extracts were ana-
lyzed for NF-kB DNA binding activity as described under “Experimen-
tal Procedures.” A control extract from cells not treated with IL-1 is also
shown (lane 1). B, NF-kBzDNA complexes are presented. The protocol
employed in A was repeated with slight modifications using nuclear
extracts from EL4.NOB-1 cells treated with IL-1 (10 ng/ml, 1 h) pre-
pared in DTT-free buffers. Lane 1 shows samples from IL-1-treated cells
subsequently left untreated. The indicated concentrations of herbimy-
cin A (lanes 2–5) or of the mixture of herbimycin A and 2-mercaptoeth-
anol (lanes 6–9) were added to extracts as indicated and left for 30 min
at room temperature. Binding buffer with poly(dIzdC) but without DTT
was then added and assayed for NF-kB.
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the DNA-binding complexes was obtained in nuclear extracts of
either untreated or IL-1-treated EL4 cells (Fig. 6A, lanes 7 and
8). Similarly, nuclear extracts from EL4 cells treated with PMA
for 24 h showed strong supershifts with anti-p50 and anti-RelA
antibodies (Fig. 6B, lanes 4 and 6, respectively). As in Fig. 5A,
untreated EL4 cells contained p50 (Fig. 6B, lane 3). Interest-
ingly, samples from PMA-stimulated EL4 cells contained much
higher levels of RelA (Fig. 6B, lane 6) than IL-1-treated sam-
ples, indicating that PMA probably induced RelA expression in
these cells. Using nuclear extracts from Jurkat cells treated for
1 h with PMA, it again appeared that the cells contained high
levels of p50 (Fig. 6C, compare lanes 1 and 2). RelA was also
detected (Fig. 6C, lane 3), and the decrease in binding observed
in the presence of anti-c-Rel (lane 4) suggested that c-Rel was
also present. The marked effect of the antibodies on the ex-
tracts indicted that the major protein complexes binding to the
NF-kB motif were p50 and, to a lesser extent, RelA. Taken
together, these results indicated that herbimycin A could di-
rectly modify p50 most probably at cysteine 62, and the pres-
ence of large amounts of p50 in nuclear extracts suggested that
this would be a likely target for herbimycin A in cells.
Herbimycin A Inhibits IL-1- and PMA-induced IL-2 Produc-

tion in EL4.NOB-1 Cells—Finally, we determined the effect of
herbimycin A on IL-2 production in EL4.NOB-1 cells. NF-kB
has recently been shown to be the sole transcription factor
required for increased expression of the murine IL-2 gene in
response to IL-1 (39). Pretreatment of EL4 cells with increasing
concentrations of herbimycin A for 1 h dramatically inhibited
the induction of IL-2 in response to IL-1 (Fig. 7A). A concen-
tration of 2 mM decreased the IL-1 response from 0.9 6 0.2 to
,0.1 ng/ml. The ability of PMA to induce IL-2 was similarly
inhibited, as shown in Fig. 7B. PMA is a much more powerful
inducer of IL-2 than IL-1 at these concentrations, causing
;50-fold more IL-2. In spite of this, herbimycin A could also
block the PMA response, reducing IL-2 production from 50 6
10 ng/ml with PMA alone to 3.25 6 0.4 ng/ml in the presence of
2 mM herbimycin A. These data suggest that modification of
NF-kB by herbimycin A is likely to have consequences for
NF-kB-driven gene expression.

DISCUSSION

The initial aim of this study was to explore the involvement
of tyrosine kinase(s) in the activation of NF-kB by IL-1 and
PMA in T lymphocytes using the tyrosine kinase inhibitor

herbimycin A. We demonstrated that herbimycin A inhibited
the activation of NF-kB by both IL-1 and PMA in EL4.NOB-1
thymoma cells and PMA in Jurkat E6.1 lymphoma cells. The
target for herbimycin A, however, appeared not to be tyrosine
kinases or indeed signals leading to IkB-a dissociation and
degradation, but the NF-kB complex itself. Our results are
consistent with a model involving covalent modification by
herbimycin A of cysteine 62 on the p50 subunit of NF-kB.
We initially suspected that herbimycin A was affecting some-

thing other than tyrosine kinases because of our observation
that only a 1-h treatment with herbimycin A was required to
observe inhibition. Previous studies have shown that optimal
inhibition of Src kinase by the drug requires prolonged expo-
sure as part of the mechanism of inhibition involves enhanced
degradation of the enzyme (40, 41). In addition, the observation
that herbimycin A inhibited the activation of NF-kB by PMA
was unexpected as PMA is known to have weak effects on

FIG. 5. Recombinant human p50, but not the C62S p50 mutant,
is susceptible to inhibition by herbimycin A. 11 ng of human
recombinant p50 (A) or 200 ng of C62S p50 mutant (B) were incubated
with the indicated concentrations of herbimycin A (HbA) at 37 °C for 2
h. Binding buffer and poly(dIzdC) were then added, and the samples
were assessed for kB binding as described under “Experimental Proce-
dures.” Protein-DNA complexes are shown.

FIG. 6. IL-1a- and PMA-activated NF-kB contains p50 and RelA
subunits of NF-kB. Nuclear extracts from unstimulated (control (C))
and IL-1a-treated (10 ng/ml, 1 h) or PMA-treated (100 ng/ml, 24 h)
EL4.NOB-1 cells (A and B, respectively) and PMA-treated (100 ng/ml, 1
h) Jurkat E6.1 cells (C) were incubated with antibodies to the p50, RelA,
or c-Rel subunits of NF-kB (as indicated) for 30 min at room tempera-
ture at O °C. Binding buffer and poly(dIzdC) were then added, followed
by a 30-min incubation with radiolabeled NF-kB probe. Extracts were
analyzed for NF-kB DNA binding activity as described under “Experi-
mental Procedures.” NF-kBzDNA complexes are presented.Open arrow-
heads indicate constitutive NF-kB, and closed arrowheads indicate
induced NF-kBzDNA complexes. Supershifted complexes corresponding
to p50 and RelA are indicated.
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tyrosine phosphorylation in cells (42–44), its major cellular
target being protein kinase C. We clearly demonstrated that
herbimycin A could inhibit the activation of NF-kB by PMA,
suggesting either that tyrosine kinases were important for
PMA action or, alternatively, that herbimycin A was inhibiting
something other than tyrosine kinases. Only minor changes in
tyrosine phosphorylation were observed in response to IL1 or
PMA, with herbimycin A having a negligible inhibitory effect.
Our failure to detect major changes in tyrosine phosphorylation
in EL4 cells in response to IL-1 is in contrast to other reports
showing such changes in K562 cells (45), human A375-C6 mel-
anoma cells (21), and Th2 cells (22). The major change in
tyrosine phosphorylation demonstrated in these studies oc-
curred in the molecular mass range 40–45 kDa. It is likely that
these corresponded to p42/p44 MAP kinases as, in another
study, it was demonstrated that IL-1 increased the phospho-
rylation of p42/p44 MAP kinases on tyrosine, threonine, and
serine residues (46). The phosphorylations were likely to be due
to the activation of MAP kinase kinase, which is a dual speci-
ficity tyrosine/serine-threonine kinase that phosphorylates
MAP kinase (47) and is activated by IL-1 in fibroblasts and KB
epidermal cells (48). IL-1 has been shown to be a poor activator
of MAP kinases in EL4 cells (46), which is consistent with our
failure to detect major changes in tyrosine phosphorylation in
the molecular mass range for MAP kinases in these cells. The
area of IL-1 signal transduction is controversial, with no clear
pathway emerging despite intense effort (49–51). A consensus
on the activation of serine/threonine kinases belonging to the
MAP kinase family has recently emerged, however (52, 53); and
any tyrosine kinase changes that occur in response to IL-1 are
likely to be on kinases in these pathways rather than there
being a general increase in tyrosine phosphorylation. The in-
volvement of MAP kinases in NF-kB activation is ill defined.
Previous workers have suggested a role for tyrosine kinases

in the activation of NF-kB by IL-1. The evidence, however, has
been largely circumstantial, with data being presented for ty-
rosine kinase changes in response to IL-1 that were inhibited

by herbimycin A or another tyrosine kinase inhibitor, genistein
(20, 21). These results were then used as evidence for tyrosine
kinase involvement in the activation of NF-kB, which also
proved susceptible to inhibition by the compounds. The precise
identity of the tyrosine kinase involved or indeed its substrate
were not determined, although recent evidence demonstrating
that overexpression of v-src leads to NF-kB activation has
suggested a role for a Src-like tyrosine kinase (26). Both of the
inhibitor studies suggested, however, that the putative tyro-
sine kinase involved in IL-1 action must occur upstream of IkB
release and degradation. Our failure to demonstrate inhibition
of IkB degradation, coupled with the effect on latent NF-kB,
questioned signal transduction processes being the target for
herbimycin A and indicated that NF-kB complexed to IkB was
susceptible to herbimycin A inhibition.
Because of these findings, our efforts next turned to NF-kB

itself. The mechanism of action of herbimycin A with regard to
tyrosine kinases involves the covalent modification of a thiol
group on target kinases such as pp60v-src (24, 25, 38). The
evidence for this initially came from the observation that thiol-
containing compounds such as 2-mercaptoethanol prevented
the inhibitory effect of herbimycin A on pp60v-src (25) and, more
recently, from a direct demonstration that herbimycin A co-
valently modifies both Src and Abl (24). The chemical moiety on
herbimycin A that has been implicated in this modification is a
benzaquinone group that is highly thiol-reactive (38). Because
the p50 subunit of NF-kB has been shown to contain a key thiol
on cysteine 62 that, if mutated to serine or oxidized, greatly
reduces DNA binding (30), we suspected that this may have
been the target for herbimycin A. This was supported by ex-
periments in which herbimycin A proved inhibitory when
added directly to nuclear extracts from activated cells, an effect
blocked by first treating herbimycin A with 2-mercaptoethanol
or DTT. In these in vitro experiments, higher concentrations of
herbimycin A were needed than in intact cells. Similar differ-
ences have been shown by other workers, whereby experiments
demonstrating a direct effect on tyrosine kinases in vitro re-

FIG. 7. Inhibition of IL-1a- and PMA-induced IL-2 production by herbimycin A in EL4.NOB-1 cells. Cultures of EL4.NOB-1 cells (1 3
106/ml) were incubated in the presence or absence of the indicated concentrations of herbimycin A (HbA) for 1 h. Cells were then washed,
resuspended in medium, and left untreated or treated with IL-1 (5 ng/ml) (A) or PMA (1 ng/ml) (B) for a further 24 h. Supernatants were removed
and assayed for IL-2 by enzyme-linked immunosorbent assay as described under “Experimental Procedures.” Each value represents the mean 6
S.E. for three separate experiments carried out in triplicate. *, p , 0.05; **, p , 0.01
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quire concentrations in the 17–175 mM range (24, 25, 38),
whereas inhibition of tyrosine kinases in intact cells generally
involves submicromolar concentrations (40, 54). It is possible
that herbimycin A becomes concentrated inside cells. Compar-
ing in vitro experiments with those in vivo is somewhat diffi-
cult, however, as conditions inside the cell under which herbi-
mycin A reacts with thiol groups will differ from those
pertaining in vitro. This has also been postulated by Fukazawa
et al. (24) as an explanation for concentration differences with
regard to tyrosine kinases. They suggest that the target ki-
nases in their native environment may be more accessible to
the drug than in vitro. This may also apply to p50.
We also found that the ability of recombinant human p50 to

bind DNA probe containing the NF-kB consensus sequence was
blocked, while the C62S mutant was unaffected. p50 has three
cysteines at positions 62, 119, and 273, which would be poten-
tial targets for herbimycin A. Mutagenesis studies have shown
that only cysteine 62 is important for DNA binding since the
C62S mutation decreased the affinity for the kB site 10-fold
(30). We found that the C62S mutant of p50 was insensitive to
herbimycin A. These in vitro data, coupled with the detection of
large amounts of p50 in EL4 and Jurkat cells, led us to con-
clude that the most likely target for herbimycin A in EL4 and
Jurkat cells was cysteine 62 on p50. We were unable to carry
out experiments that would demonstrate adduct formation be-
tween herbimycin A and p50 in intact cells. Previous experi-
ments on herbimycin A and tyrosine kinases have used meta-
bolically labeled herbimycin A of low specific activity and
immune complexes from v-src-transformed NIH3T3 fibroblasts
or K562 cells, which express high levels of p210bcr-abl (25).
Analogous experiments on p50 in EL4 or Jurkat cells would be
difficult to perform. The amount of p50 in the cells is likely to
be very low compared with the tyrosine kinases in the afore-
mentioned study, and the low specific activity of herbimycin A
would further lower the detection limit of this approach.
Finally, we found that herbimycin A blocked IL-1- and PMA-

induced IL-2 in EL4 cells over a concentration range identical
to that which inhibited NF-kB activation. The ability of herbi-
mycin A to interfere with p50 is therefore likely to have
consequences for NF-kB-driven gene expression as NF-kB has
been shown to have a central role in the induction of IL-2 by
IL-1 (39).
In conclusion, the results presented here therefore urge cau-

tion in the use of herbimycin A as a specific tyrosine kinase
inhibitor. They further suggest that the ability to selectively
modify p50 may have potential as a means of inhibiting NF-
kB-dependent gene transcription.
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