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ABSTRACT Caffeic acid phenethyl ester (CAPE), an ac-
tive component of propolis from honeybee hives, is known to
have antimitogenic, anticarcinogenic, antiinflammatory, and
immunomodulatory properties. The molecular basis for these
diverse properties is not known. Since the role of the nuclear
factor NF-xB in these responses has been documented, we
examined the effect of CAPE on this transcription factor. Our
results show that the activation of NF-xB by tumor necrosis
factor (TNF) is completely blocked by CAPE in a dose- and
time-dependent manner. Besides TNF, CAPE also inhibited
NF-xB activation induced by other inflammatory agents
including phorbol ester, ceramide, hydrogen peroxide, and
okadaic acid. Since the reducing agents reversed the inhibi-
tory effect of CAPE, it suggests the role of critical sulfhydryl
groups in NF-«B activation. CAPE prevented the transloca-
tion of the p65 subunit of NF-«xB to the nucleus and had no
significant effect on TNF-induced IxBa degradation, but did
delay IkBa resynthesis. The effect of CAPE on inhibition of
NF-«B binding to the DNA was specific, in as much as binding
of other transcription factors including AP-1, Oct-1, and
TFIID to their DNA were not affected. When various synthetic
structural analogues of CAPE were examined, it was found
that a bicyclic, rotationally constrained, 5,6-dihydroxy form
was superactive, whereas 6,7-dihydroxy variant was least
active. Thus, overall our results demonstrate that CAPE is a
potent and a specific inhibitor of NF-«xB activation and this
may provide the molecular basis for its multiple immuno-
modulatory and antiinflammatory activities.

Members of the transcription factor NF-«B family have been
identified in various organisms, ranging from flies to mammals
(for reviews, see refs. 1-3). In mammals, the most widely
distributed «B-binding factor is a heterodimer consisting of
p50 and p65 (Rel-A) proteins. This transcription factor plays
a central role in various responses, leading to host defense
through rapid induction of gene expression. In particular, it
controls the expression of various inflammatory cytokines, the
major histocompatibility complex genes, and adhesion mole-
cules involved in tumor metastasis. Dysregulation of NF-«B
and its dependent genes has been associated with various
pathological conditions including toxic/septic shock, graft
versus host reaction, acute inflammatory conditions, acute
phase response, viral replication, radiation damage, athero-
sclerosis, and cancer (for reviews, see refs. 3 and 4).

Unlike other transcription factors, the NF-«B proteins are
held in the cytoplasm in an inactive state by an inhibitory
subunit called IkBa. The phosphorylation of IkB and its
subsequent degradation allows translocation of NF-«B to the
nucleus. This activation is induced by many agents, such as
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inflammatory cytokines [e.g., tumor necrosis factor (TNF),
lymphotoxin, and interleukin 1], mitogens, bacterial products,
protein synthesis inhibitors, oxidative stress (H203), ultraviolet
light, and phorbol esters (5, 6). Agents that can downmodulate the
activation of NF-«B have potential for therapeutic intervention.

Among the possibilities for such an agent is caffeic acid
(3,4-dihydroxycinnamic acid) phenethyl ester (CAPE), a struc-
tural relative of flavonoids that is an active component of
propolis from honeybee hives. It has antiviral, antiinflamma-
tory, and immunomodulatory properties (7) and has been
shown to inhibit the growth of different types of transformed
cells (7-12). In transformed cells, CAPE alters the redox state
and induces apoptosis (13). It has been reported that CAPE
suppresses lipid peroxidation (14), displays antioxidant activity
(15), and inhibits ornithine decarboxylase, protein tyrosine
kinase (PTK), and lipoxygenase activities (16-19). CAPE can
also inhibit phorbol ester-induced H,O, production and tumor
promotion (20, 21). Although the molecular basis for the
multiple activities assigned to CAPE have not been defined,
most of the activities inhibited by CAPE require the activation
of NF-«B. The relationship between the activities it modulates
and NF-«B prompted us to examine the effect of CAPE on the
induction of this transcription factor. Our results show that
CAPE is a potent and a specific inhibitor of NF-«B activation
induced by different agents.

EXPERIMENTAL PROCEDURES

Materials. Penicillin, streptomycin, RPMI 1640 medium,
and fetal calf serum were obtained from GIBCO. Phorbol
ester and bovine serum albumin were obtained from Sigma.
Bacteria-derived recombinant human TNF, purified to homo-
geneity with a specific activity of 5 X 107 units/mg, was kindly
provided by Genentech. Antibody against IkBa, cyclin D1, and
the NF-«B subunits p5S0 and p65 and double-stranded oligo-
nucleotides having AP-1 and Oct-1 consensus sequences were
obtained from Santa Cruz Biotechnology. Ceramide (C8) was
obtained from Calbiochem.

CAPE and Its Analogue. For structure-activity relationship
studies, several analogues of CAPE were synthesized as de-
scribed (7, 8). These analogues included ring substituents
(compounds 1-3), ester groups (compound 4), rotationally
constrained variants (compounds 5 and 6), and saturated
amide analogues (compounds 7 and 8). Stock solutions of
CAPE and its analogues were made in 50% ethanol at 1-5
mg/ml and further dilutions were made in cell culture medium.

Abbreviations: TNF, tumor necrosis factor; CAPE, caffeic acid phen-

ethyl ester; PTPase, protein tyrosine phosphatase; EMSA, electro-

phoretic mobility-shift assay; PMA, phorbol 12-myristate 13-acetate;
PTK, protein tyrosine kinase; TPCK, L-1-tosylamido-2-phenylethyl

chloromethyl ketone.
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Cell Lines. The human histiocytic cell line U937 cells were
routinely grown in RPMI 1640 medium supplemented with 2
mM glutamine, 50 ug/ml gentamicin, and 10% fetal bovine
serum (FBS). The cells were seeded at a density of 1 X 10° cells
per ml in T25 flasks (Falcon 3013, Becton Dickinson Labware)
containing 10 ml of medium and grown at 37°C in an atmo-
sphere of 95% air and 5% CO,. Cell cultures were split every
3 or 4 days. Occasionally, cells were tested for mycoplasma
contamination using the DNA-based assay kit purchased from
Gen-Probe (San Diego).

Electrophoretic Mobility-Shift Assays (EMSAs). These as-
says were carried out as described in detail (22, 23). Briefly, 2 X
106 cells were washed with cold phosphate-buffered saline
(PBS) and suspended in 0.4 ml of lysis buffer [10 mM Hepes,
pH 7.9/10 mM KCl/0.1 mM EDTA/0.1 mM EGTA/1 mM
DTT/0.5 mM phenylmethylsulfonyl fluoride (PMSF)/2.0
ug/ml leupeptin/2.0 pg/ml aprotinin/0.5 mg/ml benzamidine].
The cells were allowed to swell on ice for 15 min, after which
12.5 ul of 10% Nonidet P-40 was added. The tube was then
vortexed vigorously for 10 s, and the homogenate was centri-
fuged for 30 s. The nuclear pellet was resuspended in 25 ul
ice-cold nuclear extraction buffer (20 mM Hepes, pH 7.9/0.4
M NaCl/1 mM EDTA/1 mM EGTA/1 mM DTT/1 mM
PMSF/2.0 pg/ml leupeptin/2.0 pg/ml aprotinin/0.5 mg/ml
benzamidine), and incubated on ice for 30 min with intermit-
tent mixing. Samples were centrifuged for 5 min at 4°C, and the
supernatant (nuclear extract) was either used immediately or
stored at —70°C. The protein content was measured by the
method of Bradford (24).

EMSAs were performed by incubating 4 pg of nuclear
extract (NE) with 16 fmol of 32P-end-labeled 45-mer double-
stranded NF-«B oligonucleotide from the HIV long terminal
repeat, 5'-TTGTTACAAGGGACTTTCCGCTGGGGAC-
TTTCCAGGGAGGCGTGG-3' (25), for 15 min at 37°C. The
incubation mixture included 2-3 pg of poly(dI-dC) in a binding
buffer (25 mM Hepes, pH 7.9/0.5 mM EDTA/0.5 mM
DTT/1% Nonidet P-40/5% glycerol/50 mM NaCl) (26, 27).
The DNA-protein complex formed was separated from free
oligonucleotide on 4.5% native polyacrylamide gel using
buffer containing 50 mM Tris, 200 mM glycine (pH 8.5), and
1 mM EDTA (28), and the gel was then dried. A double-
stranded mutated oligonucleotide, 5'-TTGTTACAACT-
CACTTTCCGCTGCTCACTTTCCAGGGAGGCGTGG-3',
was used to examine the specificity of binding of NF-«B to the
DNA. The specificity of binding was also examined by com-
petition with the unlabeled oligonucleotide.

For supershift assays, nuclear extracts prepared from TNF-
treated cells were incubated with the antibodies against either
p50 or p65 subunits of NF-«B for 30 min at room temperature
before the complex was analyzed by EMSA (29). Antibody
against cyclin D1 was included as a negative control.

The EMSAs for AP-1, TFIID, and Oct-1 were performed as
described for NF-«B using 32P-end-labeled double-stranded
oligonucleotides. Specificity of binding was determined rou-
tinely by using an excess of unlabeled oligonucleotide for
competition as described earlier (29). Visualization and quan-
titation of radioactive bands was carried out by
PhosphorImager (Molecular Dynamics) using IMAGEQUANT
software (National Institutes of Health, Bethesda).

Western Blotting for IkBa and p65. After the NF-«B
activation reaction described above, postnuclear extracts were
resolved on SDS/10% polyacrylamide gels for IkBa. To
determine p65 levels, nuclear and postnuclear (cytoplasmic)
extracts were resolved on SDS/8% polyacrylamide gels. Pro-
teins were then electrotransferred to Immobilon P membranes,
probed with a rabbit polyclonal antibody against IkBa or
against p65, and detected by Enhanced Chemiluminescence
(Amersham; ref. 30).

Proc. Natl. Acad. Sci. USA 93 (1996) 9091

RESULTS

In this study, we examined the effect of CAPE on the activation
of the transcription factor NF-«xB. We used U937 cells for these
studies because their response to NF-«B activation by various
stimuli has been well-characterized in our laboratory (30). The
concentration of CAPE and its various analogues during the
time of incubation used in our studies had cell viability greater
than 98%.

CAPE Inhibits TNF-Dependent NF-xB Activation. U937
cells were preincubated for 2 h with different concentrations
of CAPE and then examined for NF-«B activation by treat-
ment of cells with TNF (0.1 nM) for 15 min at 37°C. The results
in Fig. 14 indicate that CAPE inhibited the TNF-dependent
activation of NF-«B in a dose-dependent manner, with max-
imum effect occurring at 25 pg/ml. No activation of NF-«xB
was noted in untreated cells or those treated with either the
vehicle (ethanol) alone or with CAPE alone. To show that the
retarded band observed by EMSA in TNF-treated cells was
indeed NF-«B, nuclear extracts were incubated with antibodies
either to p50 (NF-«B1) or to p65 (Rel A) subunits in separate
treatments followed by EMSA. The results from this experi-
ment (Fig. 1B Upper) show that antibodies to either subunit of
NF-«B shifted the band to higher molecular weight, thus
suggesting that the TNF-activated complex consisted of p50
and p65 subunits. Nonspecific antibody against cyclin D had no
effect on the mobility of NF-«B. In addition, the retarded band
observed by EMSA in TNF-treated cells disappeared when
unlabeled oligonucleotide (100-fold in excess) was used but not
when the mutated oligonucleotide was used (Fig. 1B Upper).

We also examined the kinetics of inhibition by incubating the
cells with CAPE for 120, 90, 60, and 30 min before the addition
of TNF, together with the addition of TNF and 5 and 10 min
after the addition of TNF. The cells were treated with TNF for
15 min. TNF response was inhibited only when cells were
pretreated with CAPE (Fig. 1B Lower). Cotreatment of cells
with TNF and CAPE was not effective.

CAPE Also Blocks NF-kB Activation Induced by Phorbol
Ester, Ceramide, Okadaic Acid, and Hydrogen Peroxide.
NF-«B activation is also induced by the phorbol ester, phorbol
12-myristate 13-acetate (PMA), ceramide, okadaic acid, and
hydrogen peroxide (31). However, the initial signal transduc-
tion pathways leading to the NF-«B activation induced by these
agents differ. We therefore examined the effect of CAPE on
the activation of the transcription factor by these various
agents. The results shown in Fig. 2 indicate that CAPE
completely blocked the activation of NF-«B induced by all four
agents. These results suggest that CAPE may act at a step
where all these agents converge in the signal transduction
pathway leading to NF-«B activation.

CAPE Inhibits DNA Binding of NF-«B Specifically and Not
Other Transcription Factors. Both L-1-tosylamido-2-
phenylethyl chloromethyl ketone (TPCK), a serine protease
inhibitor, and herbimycin A, a PTK inhibitor, have been shown
to block the activation of NF-«B by their interference with the
binding of NF-kB to DNA (32, 33). To determine the effect of
CAPE on the binding of NF-«B to DNA, the nuclear extracts
from TNF-pre-activated cells were incubated with various
concentrations of CAPE. EMSA (Fig. 34) showed that CAPE
prevented NF-«B from binding to DNA. Since IxBa can also
be dissociated from NF-«B by a mild treatment with detergent
such as deoxycholate, we examined the ability of deoxycholate-
treated cytoplasmic extracts to bind to the DNA with or
without CAPE treatment. Here too CAPE interfered with the
binding of NF-«B proteins to DNA (Fig. 3B).

We further tested the ability of CAPE to inhibit the binding
of other transcription factors such as AP-1, TFIID, and Oct-1
to their DNA. The effect of CAPE on NF-«B binding was
specific, as it did not inhibit the DNA-binding ability of the
other transcription factors (Fig. 4).
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F1G.1. Dose response and kinetics of inhibition of TNF-dependent
NF-«B activation by CAPE. (4) U937 cells (2 X 10 per ml) were
preincubated at 37°C for 2 h with indicated concentrations of CAPE
followed by a 15-min incubation with 0.1 nM TNF. (B Upper) For
supershift and specificity analysis of NF-«kB activation, nuclear extracts
were prepared from untreated or TNF (0.1 nM)-treated cells, incu-
bated for 30 min with antibodies, and then assayed for NF-«B as
described. (B Lower) Cells were preincubated at 37°C with 25 pg/ml
CAPE for different times and then tested for NF-«B activation at 37°C
for 15 min either with or without 0.1 nM TNF. —, CAPE was present
before the addition of TNF; 0, coincubation with TNF; +, CAPE was
added after TNF. After these treatments, nuclear extracts were
prepared and then assayed for NF-«B as described. The arbitrary units
represent the relative amounts of radioactivity present in respective
bands.

CAPE does Not Inhibit TNF-Dependent Phosphorylation
and Degradation of IxBa. The translocation of NF-«B to the
nucleus is preceded by the phosphorylation and proteolytic
degradation of IkBa (for review, see ref. 34). To determine
whether the inhibitory action of CAPE was due to an effect on
IkBa degradation, the cytoplasmic levels of IkBa protein were
examined by Western blot analysis. As shown in Fig. 5 Upper,
treatment of cells with CAPE had no effect on the cytoplasmic
pool of IkBa, but treatment of cells with TNF decreased the
IkBa band within 5 min and completely eliminated it in 15 min;
the band reappeared by 30 min. The presence of CAPE did not
affect significantly the TNF-induced rate of degradation of
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Fic. 2. Effect of CAPE on PMA-, ceramide-, okadaic acid-, and
H,0,-mediated activation of NF-«B. (4) U937 cells (2 X 10° per ml)
were preincubated for 120 min at 37°C with CAPE (25 upg/ml)
followed by treatments at 37°C with PMA (100 ng/ml for 60 min);
H;0; (0.5 mM for 30 min), Ceramide-C8 (10 uM for 30 min), or
okadaic acid (500 nM for 30 min) and then tested for NF-«B activation
as described. (B) The EMSA run for PMA was separate from others.

IkBa but it did delay its resynthesis. This delay may be a
feedback regulation, as the resynthesis of IkBa is dependent on
NF-«B activation.

Because NF-«B activation also requires nuclear transloca-
tion of the p65 subunit of NF-«B, we examined the cytoplasmic
and nuclear pool of p65 protein by Western blot analysis. As
shown in Fig. 5 Lower, none of the treatments significantly
altered the cytoplasmic pool of p65, but the TNF-induced
appearance of p65 in the nucleus was blocked by CAPE. The
decrease in corresponding cytoplasmic pool of p65 in TNF-
treated cells was not significant, perhaps because on activation
only 20% of p65 is translocated to the nucleus (35).

Reducing Agents Reverse the Effect of CAPE. It has been
shown that the biological effects of pervanadate, TPCK, and
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Fic. 3. Effect of CAPE on the binding of NF-«B to DNA. (4)
Nuclear extracts prepared from TNF activated U937 cells were
incubated at 37°C with indicated concentrations of CAPE for 30 min
and then analyzed for NF-«B activation. (B) Cytoplasmic extracts from
untreated cells were treated with deoxycholate (DOC) in the presence
and absence of indicated concentrations of CAPE and then analyzed
for NF-«B activation.
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FiG. 4. Effect of CAPE on AP-1, Oct-1, and TFIID transcription
factors. Cells were treated with 25 pug/ml of CAPE for 2 h at 37°C, and
nuclear extracts were then prepared and used for EMSA of AP-1,
Oct-1, and TFIID transcription factors as described.

herbimycin A on suppression of NF-«B activation can be
reversed by reducing agents (29, 32, 33). Therefore, we exam-
ined the ability of DTT, 2,3-dimercaptopropanol (DMP), and
2-mercaptoethanol (BME) to reverse the effect of CAPE in
our system. For this cells were treated with CAPE in the
presence and absence of either DTT or DMP or BME and then
examined for the activation of NF-«B by TNF. As shown in Fig.
6, none of the reducing agents by themselves had a significant
effect on TNF-dependent activation of NF-«B, but they com-
pletely reversed the inhibition induced by CAPE. These results
demonstrate the critical role of sulfhydryl groups in the
TNF-dependent activation of NF-«B.

Structure-Activity Relationship Studies on CAPE. To fur-
ther delineate the role of CAPE in inhibition of NF-«B
activation, different analogues with four different modifica-
tions of the parent compound were used. These analogues
included ring substituents (compounds 1-3), ester groups
(compound 4), rotationally constrained variants (compounds
5 and 6), and saturated amide analogues (compounds 7 and 8)
as shown in Fig. 74. These analogues have been previously
characterized for their ability to inhibit human HIV integrase
and cell growth (8). Although all the compounds were active
in inhibiting NF-«B activation, there were marked variations in
their inhibitory ability (Fig. 7B). Alteration of the hydroxyl
group placement from 3,4-dihydroxy pattern to 2,5-dihydroxy
pattern (compound 1) increased the potency of inhibition over
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Fi16.5. Effect of CAPE on TNF-induced degradation of IkBa and
on the level of p65 in cytoplasm and nucleus. (Upper) U937 cells (2 X
109 per ml) pretreated (for 2 h at 37°C) with or without CAPE (25
pg/ml) were incubated for different times with and without TNF (0.1
nM), and then assayed for IkBa. (Lower) For p65, cells pretreated (for
2 h at 37°C) with or without CAPE (25 pug/ml) were incubated for 15
min with and without TNF (0.1 nM), and then nuclear and cytoplasmic
extracts prepared and assayed by Western blot analysis for p65 as
described.
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FiG. 6. Effect of DTT, BME, and DMP on the CAPE-induced
inhibition of NF-«B activation. U-937 (2 X 10° per ml) were incubated
for 2 h with DTT (100 pM), BME (142 uM), or DMP (100 uM) in
presence and absence of CAPE (25 ug/ml), activated with TNF (0.1
nM) for 15 min, and then assayed for NF-«B activation as described.

that resulting from replacement of the hydroxyl groups of
CAPE with two methyl ethers (compound 2). However, ad-
dition of a third hydroxyl group to give 2,3,4-trihydroxy
derivative (compound 3) resulted in a loss of potency, sug-
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FiG. 7. Structure of different analogues of CAPE (A) and their
effect on TNF-induced NF-«B activation (B). U-937 (2 X 106 per ml)
were incubated for 2 h with different analogues of CAPE (25 ug/ml)
at 37°C and then activated either with (Upper) or without (Lower) TNF
(0.1 nM) for 15 min and assayed for NF-«B activation as described. C,
TNF treatment alone; P, treatment with parent compound CAPE
followed by TNF. The arbitrary units represent the relative amounts
of the radioactivity present.
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gesting that the number and the placement of hydroxyl groups is
a critical determinant of the extent of inhibition. In the ester
group of analogues, the caffeic acid portion of the molecule
(3,4-dihydroxycinnmic acid) was held constant and the phenyl-
ethyl side chain was varied. An increase in the length of the alkyl
spacer (compound 4) resulted in a significant loss of inhibition.

In the rotationally constrained variants, bicyclic analogues of
the two isomers of CAPE that differed in the placement of
hydroxyl substituents were used. A drastic change in the
inhibitory potency of the two analogues was seen. The isomer
5 was completely ineffective, whereas the isomer 6 completely
abolished the binding, once again indicating that the placement
of the hydroxyl groups played a critical role in inhibiting NF-«B
activation. In the saturated amide analogues, the importance
of the side chain bond and the ester oxygen was examined. The
analogue with three additional hydroxyls in the (phenylethyl)
amine ring (compound 7) and the reverse amide analogue
(compound 8), which lacked an additional hydroxyl group,
were less active than CAPE. Thus it is possible to find
structural analogues of CAPE that are more active than CAPE
(compound 6), as active as CAPE (compound 1), and less
active than CAPE (compounds 2-5, 7, and 8).

DISCUSSION

In an effort to find agents that downmodulate the activation of
NF-«B, we investigated CAPE. The latter has been shown to
be a pharmacologically safe compound with known antiin-
flammatory, immunomodulatory, anticarcinogenic, and anti-
oxidant properties (7-21), and NF-«B activation is involved in
most of these activities. Our results demonstrate that CAPE
completely blocked the activation of NF-«B induced by a wide
variety of inflammatory agents, including TNF, phorbol ester
ceramide, okadaic acid, and H,O,. Furthermore, this effect
was found to be specific for NF-«B, as other transciptional
factors were not affected.

How CAPE inhibits the activation of NF-«B induced by a
wide variety of agents is not clear. The roles of reactive oxygen
intermediates, PTK, protein kinase C, protein tyrosine phos-
phatase (PTPase), proteases, and ceramide have been docu-
mented in the activation of NF-«B. As all the inducers of
NF-«kB used in our studies are known to produce reactive
oxygen intermediates (for review, see ref. 1), and its produc-
tion is shown to be critical for NF-«B activation (36, 37), it is
possible that CAPE exerts its effects by inhibiting reactive
oxygen intermediates production. This is consistent with the
antioxidant properties assigned to CAPE (14, 20). The inhi-
bition of PMA-induced NF-«B activation by CAPE is also in
agreement with its ability to inhibit PMA-induced tumor
promotion (21). Like CAPE, the inhibitors of mitochondrial
electron transport that suppress reactive oxygen intermediates
production also impair TNF-induced activation of NF-«B (38).
The inhibition of NF-«B activation by CAPE may also be
ascribed to its known ability to alter the redox state of the cell
(13), as the intracellular thiols are known to regulate the
activation of NF-«B (39).

The role of different TNF-activated signals including acidic
and neutral sphingomyelinase-generated ceramides, proteases,
serine/threonine protein kinase, PTK, PTPase, and superox-
ide radicals in the activation of NF-«B have been implicated (1,
29, 30, 36, 37, 40—42). Whether these signals are generated by
TNF sequentially or independently of each other, however, is
not understood. As CAPE can also inhibit PTK (17) and the
inhibitors of PTK such as erbstatin can block TNF-dependent
NF-«B activation (30), it is possible that CAPE suppresses
TNF effects through PTK. Since CAPE has also been shown
to inhibit protein kinase C in keratinocytes, and NF-«B
activators including PMA, TNF, and H,0; are known to activate
protein kinase C (43), it is tempting to speculate that CAPE may
blocks NF-«B induction by inhibiting protein kinase C.
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Most of the above mechanisms for NF-kB activation, how-
ever, occur only in intact cells and require I«kBa degradation.
Our results show that CAPE inhibits NF-«B activation not by
blocking the degradation of IkBa but by suppressing the
interaction of NF-«B proteins with the DNA. Like CAPE,
herbimycin A also inhibits NF-«B activation without interfer-
ing with the IxkBa degradation (33). The inhibition of DNA
binding by CAPE, however, is specific to NF-«B, as DNA
binding of other transcriptional factors, including Oct-1, AP-1
and TFIID, was not affected. Similar results have been re-
ported with TPCK (32). Like TPCK and herbimycin A, we
found that CAPE-dependent inhibition of activation of NF-xB
is reversed by reducing agents, suggesting that CAPE may
modify a critical sulfhydryl group. It was found that herbimycin
A causes a covalent modification of a key thiol at cysteine 62
present in the p50 subunit of NF-«B, resulting in inhibition of
its binding to the DNA. Whether it is the same thiol on p50 that
is modified by CAPE is not clear. In contrast to CAPE and
herbimycin A, however, TPCK represses both the phosphor-
ylation and degradation of IkBa (32). Previously, we have
shown that, like CAPE, PTPase inhibitors also suppress
TNF-induced NF-«B activation and that this inhibition can be
reversed by reducing agents (29). The mechanism by which
PTPase inhibitors block NF-«B activation, however, is differ-
ent from CAPE and herbimycin A. Instead, PTPase inhibitors,
like TPCK, inhibit IkBa degradation.

CAPE has been shown to inhibit the HI'V integrase enzyme
needed for integration of HIV DNA into the host genome
(44). It is possible that the mechanism by which CAPE inhibits
this enzyme is also the mechanism involved in inhibition of
NF-«B activation. This is less likely, however, as indicated by
studies with CAPE analogues. We tested several structural
analogues of CAPE for inhibition of NF-«B activation. These
analogues have been previously tested for their ability to
inhibit HIV integrase and growth stimulation (8). The ana-
logues that were maximally active in inhibiting NF-«B activa-
tion were different from those with maximum inhibitory
activity for either HIV integrase or cell growth, suggesting a
difference in the mechanism. For instance, compound 6, one
of the conformationally constrained CAPE variants (5,6 di-
hydroxy derivative), was more potent than native CAPE for
NF-«B activation but less potent than the parent compound for
inhibition of HIV integrase and cell growth.

As the replication of HIV requires NF-«B activation (1-6),
our results suggest that CAPE may also modulate this activity.
In conclusion, our finding that CAPE can specifically inhibit
NF-«B activation by diverse inflammatory agents provides the
molecular basis for its action and predicts its ability to down-
regulate the NF-«B-dependent gene expression.
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