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Abstract—Inhibitors of IkB kinase (IKK) have long been sought as specific regulators of NF-kB. A screening effort of the endo-
genous IKK complex allowed us to identify 5-bromo-6-methoxy-b-carboline as a nonspecific IKK inhibitor. Optimization of this
b-carboline natural product derivative resulted in a novel class of selective IKK inhibitors with IC50s in the nanomolar range. In
addition, we show that one of these b-carboline analogues inhibits the phosphorylation of IkBa and subsequent activation of
NF-kB in whole cells, as well as blocking TNF-a release in LPS-challenged mice.
# 2003 Elsevier Science Ltd. All rights reserved.
The transcription factor NF-kB (nuclear factor kappa
B) mediates the expression of a number of pro-inflam-
matory cytokines, adhesion molecules, growth factors,
and anti-apoptotis survival proteins. NFkB transcrip-
tional activity is normally suppressed in the cytosol via
complexation with its natural inhibitor molecule IkB.
Various cellular stress and pro-inflammatory stimuli can
result in the translocation (and hence activation) of NF-
kB into the nucleus via the degradation of IkB. The
proteolytic destruction of IkB via the ubiquitin-protea-
some pathway is triggered by phosphorylation of IkB at
Ser32 and Ser36 by the IkB kinase complex (IKK). As
such, inhibitors of IKK may be useful in the treatment
of inflammatory diseases as well as in cancer.1

Several natural products as well as some NSAIDs have
been reported to weakly inhibit IKK. Various natural
products (e.g., curcumin,2 (�)-epigallocatechin-3-gal-
late,3 parthenolide4 and quercetin5) are weak non-selec-
tive inhibitors of IKK. Some common anti-inflammatory
drugs (e.g., sulindac,6 aspirin,7 and sulfasalazine8) have
been found to inhibit IKK at high concentrations. Such
weak activity against IKK suggests that their ther-
apeutic modes of action are thought to be via other
mechanisms.

We have identified a methylated natural product deri-
vative 5-bromo-6-methoxy-b-carboline (Fig. 1, 1) as a
nonspecific inhibitor of IKK. Compound 1 has an IC50
of 1.0 mM against endogenous IKK isolated from HeLa
cells and activated with recombinant MEKK1.9 We
further evaluated this natural product derivative against
a panel of kinases and found it to be somewhat non-
selective (Table 1).

We set out to explore the structure–activity relationship
of b-carbolines in order to optimize activity against
IKK and to identify key features that could impart
potency as well as kinase selectivity. To this end we
explored the substitution pattern around the A ring of
b-carboline. We synthesized various 6-substituted
b-carbolines via Pictet-Spengler reactions of the appro-
priate tryptamines followed by catalytic oxidation
(Scheme 1),10 halogenation of norharmane (Scheme 2),11

and cyclization of piperid-2,3-dione-3-arylhydrazones
(Scheme 3).12 Evaluation of these analogues in an IKK
ELISA phosphorylation assay9 clearly shows that elec-
tron withdrawing groups at the 6-postion provided the
most active compounds (Table 2). Fortuitously, a small
amount of byproduct from the chlorination reaction
(Scheme 2) was isolated and identified as 6,8-dichloro-b-
carboline (Fig. 2, 9). This analogue proved to be 3-fold
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Figure 1. Initial b-carboline IKK screening hit.
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more potent than the monochlorinated analogue 6 and
5-fold more potent than the originally identified b-car-
boline (1). Furthermore, the selectivity for IKK over
CKII of this compound had improved to over 20-fold.
Unfortunately, compound 9 suffered from poor aqu-
eous solubility and therefore could not be further eval-
uated in secondary cell assays.13
We speculated that an ether moiety at the 7 position of
compound 9 would impart improved solubility due to
its hydrophilic nature while providing a handle for
exploiting this part of the molecule. To this end, we
prepared a small library of analogues as described in
Scheme 4. This effort proved fruitful in that it provided
intrinsically more soluble IKK inhibitors with greatly
improved selectivity and potency (Table 3). The most
potent of these, compound 12, was evaluated against a
subset of kinases and found to be >200-fold selective
for IKK versus CKII, PKA, and PKC. This study indi-
cated that the protusion of an alkylether moiety of lim-
ited size (c.f. compound 12 vs 13) at the 7-position of
6,8-dichloro-b-carboline results in a more selective and
potent IKK inhibitor.

In parallel to the work described above, we explored
nitrogen containing substituents at the 8 position in the
presence of a 6-chloro group on b-carboline. The nitra-
tion of compound 6 with sodium nitrate in tri-
fluoroacetic acid followed by reduction of the 6-chloro-
8-nitro-b-carboline (16) with SnCl2 ultimately provides
6-chloro-8-amino-b-carboline (17) (Scheme 5). Com-
pound 17 served as a key intermediate for generating a
library of compounds having amides, sulfonamides,
ureas, carbamates, as well as substituted amines at the 8
Table 1. Kinase selectivity data for 5-bromo-6-methoxy-b-carboline
(1)
Kinase
 % Inhibiton at 25 mMa
 IC50, mMa
IKK
 90
 1.0

CKII
 75
 2.0

PKA
 10
 nd

PKC
 65
 15
aValues are means of three experiments, standard deviation is given in
parentheses (nd=not done).
Scheme 2. (a) N-Bromosuccinimide, THF, 48 h; (b) N-chloro-
succinimide, THF, 48 h.
Scheme 3. (a) Formic acid, microwave, 2 min; (b) BH3, THF; (c) Pd/
C. xylenes, reflux.
Figure 2. 6,8-Dichloro-b-carboline.
Scheme 4. (a) Glyoxalic acid, pH 4.5–4.8 1M NaOAc buffer; (b) aq
HCl, reflux; (c) Pd/C, xylene, reflux; (d) N-chlorosuccinimide, acetic
acid; (e) BBr3, THF; (f) NaH, DMF, electrophile.
Table 2. 6-Substituted-b-carboline analogues
Compd
 6-Substituent
 IC50, mMa
2
 –H
 15

3
 –OMe
 4

4
 –F
 2

5
 –Br
 0.6

6
 –Cl
 0.6

7
 –CF3
 1.1

8
 –CN
 1.1
aValues are means of >3 experiments.
Scheme 1. (a) Glyoxalic acid, pH 6.0NaOAc buffer EtOAc; (b) aq
HCl, reflux; (c) Pd/C, xylene, reflux.
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position. A subset of the analogues prepared along with
their activity against IKK is listed in Table 4. All these
analogues with exception of the anilines 17, 18, and 19
were found to be inactive (IC50s>25 mM) against PKA,
PKC, and CKII. These results along with those of the
ether series described earlier suggest that perhaps the
specificity for IKK is conferred by placing appropriate
hydrophobic interactions at the 7 or 8 position of
b-carboline. Also apparent from the data is the presence
of a favorable hydrogen bonding interaction approxi-
mately five atoms away from the 8-position (c.f. 20 vs
26).
The remarkable activity of the simply decorated b-car-
boline compound 26 (also referred to as PS-1145)
prompted us to evaluate its biological activity in whole
cell assays. To demonstrate that compound 26 inhibits
the relevant kinase in cells, we chose to perform an
immuno-precipitation kinase assay from TNF-a
induced HeLa cell lysates,19 rather than using recombi-
nant IKK1 or IKK2 (Fig. 3). Quantitation of the 32P-
radiolabelled GST-IkB[5-55] substrate bands showed
that this compound inhibits endogenous IKK complex
with an IC50 of 150 nM, comparable to that of the
MEKK1-activated enzyme assay. Compound 26 was
then tested for its ability to block the phosphorylation
of IkB-a in HeLa cells following TNF-a stimulation for
5 min. Immunoblot analysis of whole cell lysates
showed a dose-dependent inhibition of phosphorylated
IkB-a when compared to vehicle control (Fig. 4).14 We
then evaluated the effect of compound 26 on NF-kB
activation by measuring DNA binding activity after
TNF-a treatment in the same HeLa cells. Similar to the
inhibition of endogenous IkB-a phosphorylation,
EMSA results (Fig. 5) showed a dose-dependent inhibi-
tion of NF-kB activation by compound 26 with
EC50=5 mM.15 Consistent with the inhibition of NF-kB
activation, compound 26 also blocks the transcription
of ICAM-1, a known NF-kB target gene, in HUVEC
primary cultures (data not shown).16 With this data set
in hand, we next examined the ability of compound 26
to block the production of TNF-a in lipopolysaccharide
(LPS) treated mice. To this end, compound 26 was
dosed orally (50 mg/kg) in mice 1 h prior to LPS
Table 3. 7-Substituted-6,8-dichloro-b-carboline analogues
Compd
 7-Substituent
 IC50, mMa
9
 –H
 0.20

10
 –OMe
 0.17

11
 –OEt
 0.14

12
 –OCH2CH(CH2CH2)
 0.08

13
 –OCH2(C6H11)
 3.0

14
 –OC(O)Morpholine
 3.2

15
 –OH
 11
aValues are means of >3 experiments.
Scheme 5. (a) NaNO3, TFA; (b) SnCl2, aq HCl.
Table 4. 8-Substituted-6-chloro-b-carboline analogues
Compd
 R
 IC50, mMa
16
 –NO2
 4

17
 –NH2
 1.3

18
 –NHCH3
 1.8

19
 –N(CH3)2
 1.8

20
 –NHCH2Ph
 >20

21
 –NHC(O)CH3
 0.60

22
 –NHC(O)CH2CH2CH2OH
 >20

23
 –NHC(O)Ph
 0.70

24
 –NHC(O)CH2-2

0-pyridyl
 3.0

25
 –NHC(O)-20-pyridyl
 1.0

26
 –NHC(O)-30-pyridyl
 0.10

27
 –NHC(O)-40-pyridyl
 0.30

28
 –NHC(O)-20-anisole
 >20

29
 –NHC(O)-30-anisole
 0.60

30
 –NHC(O)-40-anisole
 1.3

31
 –NHS(O)2CH3
 8.3

32
 –NHS(O)2Ph
 >20

33
 –NHC(O)OCH3
 0.7

34
 –NHC(O)NHCH3
 >20

35
 –NHC(O)morpholine
 >20
aValues are means of >3 experiments.
Figure 4. Western blot analysis of lysates from compound 26 (PS-
1145) treated HeLa cells.14
Figure 3. Inhibition of immuno-precipitated IKK complex isolated
from TNFa-induced HeLa cells with varying concentration of com-
pound 26 (PS-1145).19
Figure 5. Electromobility shift assay (EMSA) of lysates from of com-
pound 26 (PS-1145) treated HeLa cells.15
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challenge. At 5-h post-LPS challenge, plasma was col-
lected and assayed for systemic levels of TNF-a. This
single oral dose of 26 resulted in a 60% reduction of
TNF-a versus vehicle control animals.17 Taken toge-
ther, we conclude that compound 26 can effectively
inhibit IKK and its downstream signaling events in cells
and in vivo.

In summary, a new lead series was discovered based on
our initial identification of natural product derivative 1
as an IKK inhibitor. We identified an optimal substitu-
tion pattern on the A ring of b-carboline that results in
potent and selective inhibitors of IKK. We have
demonstrated the ability of a selective IKK inhibitor to
block the activation of NF-kB in whole cells, exempli-
fied with 26. Compound 26 (PS-1145) will be further
examined as a potential treatment of various cancers18

and inflammatory diseases.
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