
Inactivation of NF-KB Components by Covalent Binding of
(-)-Dehydroxymethylepoxyquinomicin to Specific Cysteine Residues

Mizuki Yamamoto,† Ryouichi Horie,‡ Masatoshi Takeiri,† Ikuko Kozawa,† and Kazuo Umezawa*,†

Center for Chemical Biology, School of Fundamental Science and Technology, Keio UniVersity, Yokohama 223-0061, Japan, and Department
of Hematology, Faculty of Medicine, Kitasato UniVersity, Sagamihara 228-8555, Japan

ReceiVed May 26, 2008

Previously, we designed and synthesized a potent NF-κB inhibitor, DHMEQ. Although DHMEQ showed
potent anti-inflammatory and anticancer activities in animals, its molecular target has not been elucidated.
In the present study, its target protein was found to be p65 and other Rel homology proteins. We found that
(-)-DHMEQ bound to p65 covalently with a 1:1 stoichiometry by conducting SPR and MALDI-TOF MS
analyses. MS analysis of the chymotrypsin-digested peptide suggested the binding of (-)-DHMEQ to a
Cys residue. Formation of Cys/(-)-DHMEQ adduct in the protein was supported by chemical synthesis of
the adduct. Substitution of specific Cys in p65 and other Rel homology proteins resulted in the loss of
(-)-DHMEQ binding. (-)-DHMEQ is the first NF-κB inhibitor that was proven to bind to the specific Cys
by chemical methodology. These findings may explain the highly selective inhibition of NF-κB and the low
toxic effect of (-)-DHMEQ in cells and animals.

Introduction

NF-κBa is a family of transcription factors up-regulating the
expression of inflammatory cytokines, adhesion molecules, and
antiapoptosis proteins. NF-κB is a homo- or heterodimer of Rel
family proteins having the Rel homology domain (RHD). Rel
family proteins include p65 (RelA), p50, RelB, c-Rel, and p52.
p65, cRel, and RelB have a trans-activation domain (TAD),
although p50 and p52 do not.1 Therefore, the p50 or p52
homodimer cannot activate the transcription of genes having
the κB site in their promoter. Interestingly, these complexes
competitively inhibit the activity of other NF-κB component
dimers.2 NF-κB members are categorized into the canonical and
noncanonical pathways. The typical canonical pathway employs
the p65/p50 heterodimer, which is regulated by the IκB proteins.
IκB-R masks the nuclear localization signal (NLS) of NF-κB
proteins and inactivates their function by inhibiting the nuclear
translocation.3 NF-κB is not constitutively activated in most
normal cells. However, various signals such as cytokines, growth
factors, bacterial and viral components, radiation, and reactive
oxygen species often activate TRAF-6 or TRAF-2, which leads
to the phosphorylation of IκB-R by the activated IKK-R/IKK-
�/NEMO complex.4 The phosphorylated IκB-R is then ubiq-
uitinated and eventually degraded by proteasomes.5 Next, the
activated NF-κB binds to importin to be translocated into the
nucleus.6 Once there, NF-κB binds to the κB enhancer motif in
the promoter region of the target gene. On the other hand, the
noncanonical pathway NF-κB typically consists of RelB and
p100 as the inactive form. In this heterodimer, RelB is
inactivated by p100 instead of IκB and is located in the

cytoplasm as RelB/p100. After stimulation, the activated IKK-R
homodimer leads to the phosphorylation and proteasome-
mediated processing of p100 to generate p52.7

Earlier we designed and synthesized a novel NF-κB inhibitor,
dehydroxymethylepoxyquinomicin, abbreviated as DHMEQ.8

DHMEQ is synthesized from 2,5-dihydroxyaniline in five steps
as its racemic form. After the chiral separation, (-)-DHMEQ
(Figure 1A) was shown to be 10 times more potent than (+)-
DHMEQ.9 It was shown to inhibit the nuclear translocation of
NF-κB.10 In animals, DHMEQ shows potent anti-inflammatory
effects on rheumatoid arthritis,11 renal inflammation,12 and
ameliorates cancer cachexia13 and suppresses osteoclastogen-
esis.14 It also suppresses the growth of prostate carcinoma,15

thyroid carcinoma,16 breast carcinoma,17 pancreatic carcinoma,18

multiple myeloma,19 and adult T-cell leukemia20 in nude or
SCID mice without any toxicity.21 In solid cancer models, it is
likely that DHMEQ rather suppresses the inflammation induced
by inflammatory and cancer cells around the tumor site to inhibit
the tumor growth.21 Although DHMEQ has been widely used
in in vivo and in vitro studies, its molecular target has not been
elucidated.

In the present study, we searched for the molecular target of
(-)-DHMEQ. As a result, we found that (-)-DHMEQ directly
bound to the Rel family proteins through a specific Cys residue.

Results and Discussion

1. Covalent Binding of (-)-DHMEQ with p65. In addition
to the inhibition of nuclear translocation of NF-κB, (-)-DHMEQ
was suggested to inhibit DNA binding of NF-κB in nonsmall
cell lung carcinoma A549 cells (data not shown). We examined
the DNA binding of commercially available full-length p65 in
a reconstitution system solely consisting of κB DNA, p65, and
(-)-DHMEQ. (-)-DHMEQ did inhibit the protein binding
completely (Figure 1B). We tried to prepare the full-length p65
in Escherichia coli, but the expression was not enough. Then
we employed p65(1-325), which included the Rel homology
domain and NLS. (-)-DHMEQ effectively inhibited the DNA
binding of this protein, p65(1-325), and we found that the
stoichiometry of 1:1 provided enough of the protein to inhibit
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the binding completely, as shown in Figure 1C. Physical
interaction of (-)-DHMEQ with p65(1-325) was demonstrated
by the surface plasmon resonance analysis (Figure 1D). Next
we studied the specificity and covalent binding to p65 by using
MALDI-TOF MS analysis. We found that (-)-DHMEQ at a
1:1 stoichiometry shifted the peak of p65(1-325) with the
increase equaling the approximate MW of DHMEQ (261), as
shown in Figure 1E. On the other hand, it did not shift the peak
of bovine serum albumin (BSA), even when 4 equiv were added
(Figure 1E). We also studied the effect of (+)-DHMEQ on the
p65/DNA binding activity and MALDI-TOF-MS peak shift. The
(+)-enantiomer showed limited inhibition on the DNA binding
even at 4 equiv. It also shifted the peak only weakly even at 2
equiv. Interestingly, (+)-DHMEQ did not shift the peak at all
with the C38S mutant protein, suggesting that it could bind to
Cys38, but only weakly. These results are consistent with our
report that (+)-DHMEQ would be about 10 times weaker than

(-)-DHMEQ in inhibition of NF-κB.9 As shown in Figure 1F,
9-dehydroxy-DHMEQ, parasitenone, and salicylic acid, all
inactive structural analogs of DHMEQ, failed to shift the peak.

2. MALDI-TOF MS Analysis of Chymotrypsin-Treated
p65 Peptide. To find the possible target peptide or amino acid
in p65, we looked into the MALDI-TOF MS pattern after the
protease digestion. The p65(1-325) protein was treated with
(-)-DHMEQ and digested with chymotrypsin. This enzyme is
known to hydrolyze peptide bonds on the C-terminal side of
Tyr, Phe, and Trp residues. Chymotrypsin also weakly hydro-
lyzes after Leu. One of the expected fragments, peptide 37-66,
contains a cysteine residue at 38 (Figure 2A). Fortunately, there
was no Leu in the 37-66 residues of p65(1-325). As shown
in Figure 2B, there was the peak of 3205 Da identical to 37-66.
When reacted with (-)-DHMEQ, the peptide also gave a peak
at 3448, which may be attributed to the DHMEQ-bound peptide

Figure 1. Direct interaction of (-)-DHMEQ with p65 in SPR and MALDI-TOF MS analysis. (A) Structure of (-)-DHMEQ. (B) In vitro binding
assay with EMSA using full-length recombinant p65. The p65 protein was incubated with 10 µg/mL (-)-DHMEQ before the addition of the
labeled probe. (C) In vitro binding assay with EMSA using p65(1-325). The p65(1-325) protein was treated with the indicated equivalent molar
amounts of (-)-DHMEQ (left; 20 µM p65) or of p65(1-325) (right; 20 µM (-)-DHMEQ). (D) SPR sensorgram showing (-)-DHMEQ binding
to p65(1-325) on the CM5 sensor chip surface. (-)-DHMEQ (100 µM) in PBS containing 5% DMSO was injected for 5 min. Data are given as
the response units (RU). (E) MALDI-TOF MS analysis of p65(1-325). Recombinant p65(1-325) was untreated or treated with 1 equiv (-)-
DHMEQ. BSA was incubated with or without 4 equiv of (-)-DHMEQ. (F) MALDI-TOF MS analysis of p65(1-325) with DHMEQ and its
analogs. The p65(1-325) protein (20 µM) was treated with 2 equiv of racemic DHMEQ or its analogs for 1 h. After incubation, the proteins were
used for the MALDI TOF-MS analysis. We employed racemic DHMEQ instead of (-)-DHMEQ in this experiment because we only had racemic
9-dehydroxy-DHMEQ and parasitenone.
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(Figure 2B). The difference in MW, which was 243, would
explain the structure of dehydrated DHMEQ. Thus, (-)-
DHMEQ was suggested to bind to Cys38 in p65.

3. Preparation of Cys/(-)-DHMEQ Adducts. To support
the possible structure of DHMEQ attached to p65, we prepared
the conjugate of (-)-DHMEQ with N-t-butyloxycarbonyl-L-Cys
methyl ester (Figure 3). The adduct compound was obtained
by the reaction in DMF and sodium phosphate buffer at room
temperature. The mass and NMR spectra showed the epoxide
ring-opening structure in the adduct molecule. It is likely the
thiol group of Cys might make a nucleophilic attack on the
epoxide of (-)-DHMEQ. The regiochemistry was determined
by 2D NMR spectrum analysis, using 1H-1H COSY, HMQC,
and HMBC. The one proton doublet at δ ) 3.38 ppm was
assigned to the proton on the C-4 of (-)-DHMEQ to which
Cys bound and its corresponding carbon signal was observed
at δ ) 51.6 ppm on the basis of HMQC. The carbon signal at
δ ) 51.6 ppm showed long-range C-H correlation to H-2 at
δ ) 6.92 ppm and, consequently, the signal was assigned to
C-4, as shown in the HMBC spectrum. The proposed structure
possesses diols at C-5 and C-6, which can form an isopropy-
lidene structure. Then, to confirm this regiochemistry, we also
prepared the O-isopropylidene derivative, as described in the
Experimental Section, Synthesis 4. Thus, it is likely that (-)-
DHMEQ would bind to Cys38 of p65, forming a new SsC
covalent bond. The (-)-DHMEQ/Cys adduct molecule did not
inhibit NF-κB even at high concentrations (data not shown).
For the experiment in Figure 2B, the digested peptide had been

Figure 2. Peptide analysis of (-)-DHMEQ/p65(1-325) adduct after protease digestion. (A) Profile of chymotrypsin-digested peptides. Chymotrypsin
hydrolyzes the peptide-bond C-terminal to tyrosine, phenylalanine, tryptophan, and leucine residues. The prospective peptide containing Cys38 is
the peptide 37-66, with a MW of 3205 Da. (B) MALDI-TOF MS analysis of chymotrypsin-digested (-)-DHMEQ/p65(1-325) adduct. (upper
panel) The fragment of mass 3205 corresponds to the 37-66 peptide. (lower panel) The p65(1-325) protein was treated with (-)-DHMEQ. The
new peak of 3448 corresponds to the mass of 3205 + dehydrated DHMEQ.

Figure 3. Preparation of (-)-DHMEQ/protected Cys adduct. Reaction
of (-)-DHMEQ with t-Boc-L-cysteine methyl ester resulted in the
epoxide opening to give a new CsS bond. To obtain dehydrated (-)-
DHMEQ, we prepared benzylthio-(-)-DHMEQ. Acid treatment of this
compound gave the dehydrated product.
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treated with trifluoroacetic acid (TFA). Then we treated the
adduct molecule with TFA, which was not successful, because
the Boc protecting group of the (-)-DHMEQ/Cys adduct was
eliminated under the acid condition. So, we prepared benzyl-
thio (-)-DHMEQ and treated it with HCl. As a result, we
obtained dehydrated benzyl-thio (-)-DHMEQ.

4. Covalent Binding of (-)-DHMEQ to Specific Cys. As
shown in Figure 4A, the Cys38 and Cys120 residues of p65
are located close to the DNA in the p65/p50/DNA complex. In
addition, the Rel family proteins include p65, p50, RelB, cRel,
and p52. The sequence homology between them is shown in
Figure 4B, with the alignment made so as to bring the positions
equivalent to Cys38 in p65. The Cys38Ser (C38S) mutant of
p65(1-325) bound to κB DNA strongly, as reported previ-

ously,22 and this binding was not inhibited by (-)-DHMEQ at
any (-)-DHMEQ/p65 ratio (Figure 4C). The C120S mutant
weakly bound to κB DNA, as reported,22 and this binding was
effectively inhibited by (-)-DHMEQ. The same results were
obtained by the MALDI-TOF MS analysis. The (-)-DHMEQ
shifted the peak of C120S mutant but not that of C38S, as shown
in Figure 4C. Then, the p50 protein was prepared, and the κB
binding of the p50 dimer was inhibited by (-)-DHMEQ almost
to the same extent as the p65 one (Figure 4D). The DNA binding
of the C62S mutant was not inhibited by (-)-DHMEQ (Figure
4D). The same results were obtained with p50 and p50(C62S)
by the MALDI-TOF MS analysis, as shown in Figure 4D.
Because it was difficult to prepare enough full-length RelB, we
prepared RelB(1-391). The binding of (-)-DHMEQ to

Figure 4. Binding of (-)-DHMEQ to specific Cys in Rel family proteins. (A) A schematic drawing of p65-p50-DNA complex (Chen et al.
Nature 1998, 391, 410-413). Both p65 Cys38 and Cys120 are located close to the DNA in the complex. (B) Sequence alignment of Rel family
proteins around Cys38 of p65. All the Rel proteins have a cysteine residue corresponding to p65 Cys38. (C) In vitro binding assay with EMSA and
MALDI-TOF MS using wild-type p65(1-325), p65(1-325) C38S, and p65(1-325) C120S. Each p65(1-325) of 20 µM in PBS was treated with
the indicated equivalents of (-)-DHMEQ. (D) In vitro DNA-binding assay and MALDI-TOF MS analysis of wild-type p50 and p50 C62S. (E)
MALDI-TOF MS analysis of wild-type RelB(1-391) and RelB(1-391) C144S. (F) In vitro DNA-binding assay and MALDI TOF-MS analysis of
wild-type c-Rel(1-307) and c-Rel(1-307) Cys27Ser (C27S).
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RelB(1-391) was slightly weaker than that to p65(1-325). But
(-)-DHMEQ at 2 equiv shifted the peak of RelB(1-391)
clearly, whereas it did not shift the peak with the C144S mutant
(Figure 4E). RelB does not form homodimers,23 so the effect
of (-)-DHMEQ on RelB DNA-binding activity was not
measured. We also prepared cRel(1-307) instead of full-length
cRel. As shown in Figure 4F, the DNA binding of the
cRel(1-307) dimer was effectively inhibited by (-)-DHMEQ,
but that of the cRel(1-307) C27S mutant was not inhibited by
(-)-DHMEQ. The same results were obtained with cRel and
cRel(C27S) by the MALDI-TOF MS analysis (Figure 4F).
Interestingly, (-)-DHMEQ did not inhibit the DNA binding of
p52. Only at a higher concentration did it shift the peak of p52
in the MALDI-TOF MS analysis, but the binding appeared to
be rather nonspecific. Thus, (-)-DHMEQ was shown to
covalently bind to the specific Cys residue in Rel family proteins
except p52 to inhibit the function.

5. (-)-DHMEQ Binds to p65 Cys38 in Cultured Cells.
We transfected Hela cells with wild-type or C38S full-length
p65. As shown in Figure 5A, TNF-R enhanced the NF-κB
activity in wild-type p65 overexpressing cells. (-)-DHMEQ
inhibited this activation completely. On the other hand, when
C38S p65 was overexpressed, the basal NF-κB activity in EMSA
was markedly increased, but this increase was not prominently
inhibited by (-)-DHMEQ (Figure 5A). Moreover, both endog-
enous and transfected p65 in the nucleus were increased by
TNF-R in the Western blot analysis. On the other hand, (-)-
DHMEQ lowered only endogenous p65 and transfected wild-
type p65, not the transfected p65 C38S (Figure 5B). Thus, it is
likely that (-)-DHMEQ would bind to Cys38 of p65 in cultured
cells to inhibit NF-κB.

6. Discussion. Several chemical ligands, including NF-κB
inhibitors, have been reported to bind to Cys 38 of p65, but
there has been no evidence of chemical binding. NO induces
nitration on Tyr66 and Tyr152 of p65,24 and glutaredoxin
induces S-glutathionylation of p65 to inhibit NF-κB activity.25

15-Deoxy-∆12,14-prostaglandin J2, a naturally occurring ana-
logue of prostaglandin D2, inhibits IKK activity through its
binding to IKK Cys179, and it also inhibits NF-κB DNA binding
through the binding of p65 Cys38 and p50 Cys62.26 Sesquit-
erpene lactones, including parthenolide, helenalin, 4�,15-epoxy-

miller-9E-enolide, ethacrynic acid, epoxyquinol A, and ep-
oxyquinol A monomer were reported to require Cys38 of p65
for the inhibition of NF-κB activity.22,27-29 Parthenolide inhibits
both DNA binding of NF-κB and IKK.27 Epoxyquinol A
monomer inhibits NF-κB/DNA binding possibly by its binding
to p65 Cys38,29 and it also inhibits IκB-R degradation possibly
through the binding to IKK Cys179.29 On the other hand, (-)-
DHMEQ specifically inhibited p65 and other Rel family proteins
such as p50 (Figure 4D), RelB (Figure 4E), and cRel (Figure
4F) without inhibiting IKK.10 So (-)-DHMEQ should be more
specific to inhibit NF-κB than other known inhibitors. (-)-
DHMEQ is the first ligand that was shown to bind to the specific
Cys residues in Rel homology proteins.

(-)-DHMEQ binds to p50 Cys62 but not p52 Cys57. The
amino acid sequence of p50 is similar to that of p52. However,
Val61 in p50 is replaced into Gly56 in p52, which may cause
the difference.

The p65 Cys38 and the corresponding Cys residue of other
Rel family proteins have been reported to be essential for NF-
κB DNA binding. According to the crystal structures of the p50/
p65 heterodimer,30 p50/RelB heterodimer,31 and p52/p52 ho-
modimer,32 the Cys residues corresponding to p65 Cys38 (RelB
Cys144, p50 Cys62, p52 Cys57) in the L1 loop are involved in
the hydrogen bonding to the phosphate group of κB DNA.
Adduct formation by these cysteines should cause loss of
hydrogen bonding.

The C38S mutant of p65(1-325) bound to κB DNA more
strongly than the C120S mutant. These results are consistent
with a previous report.22 They also reported that, although the
DNA binding of C38S was enhanced, the trans-activation
potency of the mutants was rather decreased. Therefore, the
DNA-binding ability of p65 mutants does not correlate with
the trans-activation potency.

As expected, (-)-DHMEQ was attacked by the thiol group
of blocked Cys with the epoxide opening (Figure 3). This
structure was supported by our observation that the p65-derived
peptide fragment with Cys38 showed the additional peak MW
of dehydrated (-)-DHMEQ. In the process of the peptide/MS
analysis, the peptide was treated with trifluoroacetic acid to assist
ionization. Actually, as shown in Figure 3, we demonstrated
that the Cys-(-)-DHMEQ adduct can be dehydrated (-18 Da)
by the acid treatment to give a new aromatic ring.

There is much evidence that DHMEQ inhibits nuclear
translocation, such as in lymphoma cells.33 Therefore, we
examined whether (-)-DHMEQ would decrease binding to
importin or enhance the CRM1/exportin-dependent export. First,
we employed GST pull-down analysis using GST-tagged
importin R3, which is important for the nuclear translocation
of p65 and other Rel family proteins.6 As a result, although the
stimulant-dependent binding between GST-importin R3 and p65
was detected, (-)-DHMEQ did not inhibit this interaction. Next,
we studied the effect of (-)-DHMEQ on the CRM1/exportin
system. Rel family proteins34 and IκB-R35 have CRM1/exportin-
dependent nuclear export signal (NES). We examined involve-
ment of the CRM1/exportin system on the DHMEQ-induced
inhibition of p65 nuclear localization by using leptomycin B,
which inhibits the CRM1/exportin system.36 As a result,
leptomycin B increased p65 nuclear localization but did not
inhibit the (-)-DHMEQ-dependent decrease in p65 nuclear
localization. Thus, it is possible that the inhibition of p65 nuclear
localization by DHMEQ may be mediated by other p65-
interacting proteins. It may also be possible that (-)-DHMEQ

Figure 5. (-)-DHMEQ binds to p65 Cys38 in cultured cells. (A) Effect
of (-)-DHMEQ on wild-type and C38S mutant p65 DNA binding
activity in cultured Hela cells. The transfected cells were treated with
10 µg/mL of (-)-DHMEQ for 2 h and then stimulated with 10 ng/mL
TNF-R for 30 min, and thereafter, their nuclear proteins were extracted
and used for the EMSA. (B) Western blotting analysis of nuclear
extracts of Hela cells for p65 transfected with wild-type or C38S p65.
The cells were treated as in (A).
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would change the equilibrium between nuclear and cytoplasmic
NF-κB by the change in DNA affinity.

Conclusions

Earlier we designed and synthesized a novel NF-κB inhibitor,
DHMEQ. (-)-DHMEQ was shown to be more potent than (+)-
DHMEQ. DHMEQ was reported to show potent anti-inflam-
matory and anticancer effects in animals without any toxicity,
and it is being developed as a chemotherapeutic agent. Although
DHMEQ has been widely used in in vivo and in vitro studies,
its molecular target has not been elucidated. In the present study
its target protein was found to be p65 and other Rel homology
proteins. (-)-DHMEQ was shown to covalently bind to the
specific Cys residues in p65 at a 1:1 stoichiometry. Formation
of Cys-(-)-DHMEQ adduct in the protein was supported by
the chemical synthesis of the adduct molecule. (-)-DHMEQ is
the first ligand that was proved to covalently bind to the specific
Cys residues in Rel family proteins. These findings may explain
its highly selective inhibition of NF-κB and the low toxic effect
of (-)-DHMEQ in cells and animals and should be useful for
further molecular design of NF-κB inhibitors.

Experimental Section

Synthesis. 1. Synthesis of (-)-DHMEQ/Protected L-Cysteine
Adduct. To a solution of N-(tert-butoxycarbonyl)-L-cysteine methyl
ester (19.2 mg, 81.6 µmol) in DMF (0.92 mL) and 0.1 M sodium
phosphate buffer (1.9 mL, pH 7.0) was added (-)-DHMEQ (10.0
mg, 38.3 µmol) in DMF (1 mL). The mixture was stirred at RT for
1 min. Then the mixture was diluted with EtOAc (20 mL) and
washed with H2O (10 mL × 2). The organic layer was dried and
concentrated in vacuo. The residue was purified by column
chromatography on slica gel (EtOAc/hexane, 2:1f 5:1) to provide
10.5 mg (56%) of adduct as a colorless oil.

Physicochemical data: TLC Rf ) 0.58 (toluene/EtOH ) 3:1);
1H NMR (DMSO-d6; 300 MHz) δ 1.39 (s, 9H), 2.97 (m, 2H), 3.38
(d, 1H, J ) 2.1 Hz), 3.65 (s, 3H), 4.12-4.17 (m, 2H), 4.56 (ddd,
1H, J ) 7.8, 2.1, 2.1 Hz), 5.74 (d, 1H, J ) 3.9 Hz), 6.16 (d, J )
7.8 Hz), 6.92 (br s, 1H), 6.96 (d, 1H, J ) 8.1 Hz), 6.99 (dd, J )
8.1 Hz), 7.41 (d, 1H, J ) 8.1 Hz), 7.44 (ddd, J ) 8.1, 8.1, 1.7 Hz),
7.94 (dd, 1H, J ) 8.1, 1.7 Hz), 11.16 (br s, 1H), 11.82 (br s, 1H);
13C NMR (DMSO-d6; 75 MHz) δ 28.1 × 3, 32.2, 51.6, 52.1, 53.5,
65.7, 72.4, 78.6, 107.2, 117.0, 118.4, 119.8, 131.2, 134.2, 152.5,
156.2, 156.9, 164.8, 171.3, 193.8; HRMS (FAB) calcd for
C22H28N2O9S (M+, +H) m/z 497; found, 497.

2. Preparation of Benzylthiol/(-)-DHMEQ Adduct. Benzylthiol/
(-)-DHMEQ adduct was prepared as follows: To a solution of (-)-
DHMEQ (0.1 g, 0.383 mmol) in DMF (19.1 mL) and 0.1 M sodium
phosphate buffer (19 mL, pH 6.0) was added benzyl mercacaptan
(90 µL, 0.77 mmol). The mixture was stirred at RT for 3 h. Then
the mixture was diluted with EtOAc (100 mL) and washed with
H2O (50 mL × 2). The organic layer was dried and concentrated
in vacuo. The residue was purified by column chromatography on
slica gel (EtOH/toluene, 1:8) to obtain 0.132 g (89%) of adduct as
a colorless oil.

Physicochemical data: TLC Rf ) 0.38 (toluene/EtOH ) 3:1);
1H NMR (DMSO-d6; 300 MHz) δ 3.38 (d, 1H, J ) 1.8 Hz), 4.04,
4.06 (2d, 2H, J ) 3.3 Hz), 3.89-4.07 (m, 1H), 4.56 (ddd, 1H, J )
7.8, 1.8, 1.8 Hz), 5.67 (d, 1H, J ) 3.3 Hz), 6.14 (d, 1H, J ) 7.8
Hz), 6.95 (d, 1H, J ) 1.8 Hz), 6.98 (dd, 1H, J ) 8.0 Hz), 7.01 (d,
1H, J ) 8.0 Hz), 7.23 (m, 6H), 7.95 (dd, 1H, J ) 8.0, 1.8 Hz),
11.13 (s, 1H), 11.78 (br s, 1H).

3. Acidic Dehydration of Benzylthiol/(-)-DHMEQ Adduct. The
adduct (12.0 mg, 31.1 µmol) was dissolved in DMF (1.0 mL) and
5 N aq HCl (1.0 mL) and then stirred at RT for 24 h. Then the
mixture was diluted with EtOAc (20 mL) and washed with H2O
(10 mL × 2). The organic layer was dried and concentrated in
vacuo. The residue was purified by column chromatography on

silica gel (EtOAc/hexane, 1:2) to yield 4.9 mg (43%) of product
as a yellow oil.

Physicochemical data: TLC Rf ) 0.47 (toluene/EtOH ) 3:1);
1H NMR (DMSO-d6; 300 MHz) δ 4.05 (s, 2H), 6.69 (s, 1H),
6.94-7.00 (m, 2H), 7.19-7.43 (m, 6H), 8.01 (dd, 1H, J ) 8.1, 1.8
Hz), 8.08 (s, 1H), 9.28 (s, 1H), 9.43 (s, 1H), 10.75 (s, 1H), 11.62
(br s, 1H).

4. Preparation of O-Isopropylidene Derivative of Cys/(-)-
DHMEQ Adduct. To a stirred solution of (-)-DHMEQ/Cys adduct
(33.2 mg, 66.9 µmol) in acetone/Me2C(OMe)2 (2 mL, 1:1), a
microspatula amount of p-TsOH was added. The mixture was stirred
RT for 30 min. Then the mixture was diluted with EtOAc (20 mL)
and washed with H2O (10 mL × 2). The organic layer was dried
and concentrated in vacuo. The residue was purified by column
chromatography on slica gel (EtOAc/hexane, 1:1) to provive 26.5
mg (74%) of O-IP (-)-DHMEQ/Cys adduct as colorless oil.

Physicochemical data: TLC Rf (EtOAc/hexane ) 3:1); 1H NMR
(DMSO-d6; 270 MHz) δ 1.29 (s, 3H), 1.38 (2s, 3H, 9H), 2.97 (dd,
1H, J ) 13.7, 9.2 Hz), 3.09 (dd, 1H, J ) 13.7, 5.1 Hz), 3.64 (s,
3H), 3.69 (d, 1H, J ) 2.9 Hz), 4.17 (m, 1H), 4.68 (dd, 1H, J )
4.4, 2.9 Hz), 4.98 (d, 1H, J ) 4.4 Hz), 6.93 (s, 1H), 6.96 (d, 1H,
J ) 8.1 Hz), 6.99 (dd, J ) 8.1 Hz), 7.41 (d, 1H, J ) 8.1 Hz), 7.44
(ddd, J ) 8.1, 8.1, 1.7 Hz), 7.92 (dd, 1H, J ) 8.8, 1.5 Hz), 10.65
(s, 1H), 11.88 (s, 1H); 13C NMR (DMSO-d6; 101 MHz) δ 26.6,
27.5, 28.1 × 3, 33.1, 46.6, 52.1, 53.7, 70.6, 76.1, 78.6, 108.4, 110.5,
117.0, 118.1, 119.5, 130.9, 134.4, 150.0, 155.3, 156.3, 165.2, 171.2,
192.7.

Protein Chemistry. 1. Materials. (-)-DHMEQ and its inactive
analogue were synthesized in our laboratory as described before.9

Recombinant human TNF-R was purchased from Peprotech Inc.
(London, U.K.). Mouse monoclonal anti-p65 antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Full-
length p65 protein was purchased from Active Motif (Carlsbad,
CA). Mouse monoclonal anti-p65 NF-κB and anti-p50 NF-κB
antibody were from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit monoclonal anti-Lamin A/C antibody was purchased from
Cell Signaling (Beverly, U.S.A.). Mouse monoclonal anti-FLAG
antibody and anti-R-tubulin antibody came from Sigma (St.
Louis, MO).

2. Electrophoretic Mobility Shift Assay (EMSA). The binding
reaction mixture contained nuclear extract (5 µg of protein), 2 µg
poly(dI-dC), and 10000 cpm a 32P-labeled probe (oligonucleotide
containing NFκB or Oct-1 binding site) in binding buffer (75 mM
NaCl, 1.5 mM EDTA, 1.5 mM DTT, 7.5% glycerol, 1.5% NP-40,
15 mM Tris-HCl; pH 7.0). Using the recombinant protein, we
incubated the reaction mixture containing 20 µM recombinant
protein and 5% DMSO with or without (-)-DHMEQ in phosphate-
buffered saline (PBS) for 1 h at 4 °C. To determine the DNA-
binding activity of recombinant protein, we used 20 ng of
recombinant protein from the reaction mixture for the EMSA.
Samples were incubated for 20 min at room temperature (RT) in
this mixture. DNA/protein complexes were separated from free
DNA on 4% native polyacrylamide gel in 0.25 mM TBE buffer.
The DNA probes used for NF-κB binding were purchased from
Promega (Madison, WI). The following sequences were used as
NF-κB and Oct-1 binding probes: 5′-AGT TGA GGG GAC TTT
CCC AGG C and 5′-GCC TGG GAA AGT CCC CTC AAC T for
NF-κB binding and 5′-TGT CGA ATG CAA ATC ACT AGA A
and 5′-TTC TAG TGA TTT GCA TTC GAG A for Oct-1 binding.
These oligonucleotides were labeled with [γ-32P]-ATP (3000 Ci/
mmol; GE Healthcare, Little Chalf-ont, U.K.) by use of T4
polynucleotide kinase (Takara, Ohtsu, Japan), and purified by
passage through a Nick column (GE Healthcare).

3. Surface Plasmon Resonance Analysis. Sensorgrams were
recorded on a Biacore T100 instrument using the CM5 sensor
chip of research grade (GE Healthcare). For the immobilization
of p65(1-325), we employed the amine coupling method. The
p65 protein (1 mg/mL) was reacted to the activated carboxyl
group in the chip in the presence of 100 mM N-hydroxysuccin-
imide (NHS) and 400 mM N-ethyl-N′-(3-dimethylaminopropyl)
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carbodiimide hydrochloride (EDC) in 10 mM sodium acetate
buffer (pH 4.5). After immobilization, unreacted NHS groups
were blocked by ethanolamine. Sensorgrams were run in the
automatic subtraction mode using flow cell 1 (FC 1) as an
unmodified reference. Data were collected for FC 2, which is
immobilized about 14000 RU of p65 at 25 °C. Using the low
molecular weight (LMW) kinetics mode, we injected 100 µM
(-)-DHMEQ in phosphate-buffered saline (PBS) containing 5%
DMSO for 5 min. The running buffer used for the binding
experiments was phosphate-buffered saline (PBS) containing 5%
DMSO. Balk correction was carried out by using phosphate-
buffered saline (PBS) containing 4-6% DMSO.

4. MALDI-TOF MS Analysis. The adduct of (-)-DHMEQ and
protein was prepared typically by incubation of 20 µM recombinant
p65 with each equivalent of (-)-DHMEQ in phosphate-buffered
saline (PBS) for 1 h at 4 °C. The molecular weight of the
recombinant NF-κB components incubated with or without (-)-
DHMEQ was determined by using a reflex MALDI-TOF MS
spectrometer (Bruker Daltnics, Billerica, MA), operating in a linear
mode.

5. Digestion of (-)-DHMEQ/p65 Adduct with Chymotrypsin.
The reaction mixture of 20 µL containing 20 µM recombinant
protein and 5% DMSO with or without (-)-DHMEQ in phosphate-
buffered saline (PBS) was incubated for 1 h at 4 °C. After
incubation, 80 µL of acetone was added to the reaction mixture,
which was then kept for 1 h at -80 °C. The proteins were pelleted
by centrifugation for 15 min at 14000 rpm, resuspended, and
digested with 0.75 µg of chymotrypsin in 20 µL of chymotrypsin
digestion buffer (100 mM Tris-HCl [pH 7.5], 10 mM CaCl2) for
2 h at 25 °C. Digested peptides were desalinated and condensed
by using a ZipTip C18 column (Millipore), as described by the
manufacturer. The molecular weights of the chymotrypsin-digested
peptides were determined with a reflex MALDI-TOF mass spec-
trometer (Bruker Daltnics), operating in the reflection mode.

6. Plasmid Construction. Human p65 cDNA containing an
N-terminal BamHI site and a C-terminal XhoI site was prepared
from a human cultured cell cDNA pool by PCR. The primers used
were 5′-TTTT GGA TCC ATG GAC GAA CTG TTC CCC CTC
ATC (for p65, 5′-oligonucleotide, BamHI codons in bold face and
initiation codons underlined), 5′-TTTT CTC GAG TTA CCG GGG
GTC GGT GGG TCC GC (for shortened p65(325), 3′-oligonucle-
otide, XhoI codons in bold face and stop codons underlined), and
5′-TTTT CTC GAG TTA GGA GCT GAT CTG ACT CAG CAG
(for full length p65, 3′-oligonucleotide, XhoI codons in bold face
and stop codons underlined). Then p65 cDNA was cloned into the
BamHI-XhoI site of pGEX-6P-1 vector (GE Healthcare) and
pCMV-Tag2B vector (Stratagene, La. Jolla, CA). Similarly, p50
corresponding to p105(1-405aa), RelB, p52 corresponding to
p100(1-435aa), and c-Rel cDNA were prepared by PCR from the
human cultured cell cDNA pool. The primers used were 5′-TTTTTT
AGA TCT ATG GCA GAA GAT GAT CCA TAT TTG (for p50,
5′-oligonucleotide, BglII codons in bold face and initiation codons
underlined) and 5′-TTTTTT CTC GAG CTA GGT TCC ATG CTT
CAT CCC A (for p50, 3′-oligonucleotide, XhoI codons in bold
face and stop codons underlined); 5′-TTTTTT AGA TCT ATG
CTT CGG TCT GGG CCA GCC (for RelB, 5′-oligonucleotide,
BglII codons in bold face and initiation codons underlined) and
5′-TTTTTT CTC GAG TTA CTC GCT GCA GAC CCC ATC
GG (for shortened RelB(391), 3′-oligonucleotide, XhoI codons in
bold face and stop codons underlined) or 5′-TTTTTT CTC GAG
CTA CGT GGC TTC AGG CCC CG (for full-length RelB, 3′-
oligonucleotide, XhoI codons in bold face and stop codons
underlined); 5′-TTTTTT GGA TCC ATG GAG AGT TGC TAC
AAC CCA GG (for p52, 5′-oligonucleotide, BamHI codons in bold
face and initiation codons underlined) and 5′-TTTTTT CTC GAG
TTA CGC CCC GCC CCC GCC TCC CG (for p52, 3′-oligonucle-
otide, XhoI codons in bold face and stop codons underlined); and
5′-TTTT GGA TCC ATG GCC TCC GGT GCG TAT AAC CCG
(for cRel, 5′-oligonucleotide, BamHI codons in bold face and
initiation codons underlined) and 5′-TTTT CTC GAG TTA GTG

A TC CTG GCA CAG TTT CTG (for shortened cRel(1-307),
3′-oligonucleotide, XhoI codons in bold face and stop codons
underlined).

7. Site-Directed Mutagenesis. To obtain p65 Cys38Ser and
Cys120Ser mutant clones, we employed inverse PCR37 from the
pGEX-6P-1-p65(1-325) plasmid as the template. The following
primers were used for the construction of mutant proteins: 5′-CCG
CTA CAA GTC CGA GGG GCG CTC CGC GG (5′-oligonucle-
otide, mutation point in bold face) and 5′-AAG CGC ATG CCC
CGC TGC TTG GGC TGC TCA ATG AT (3′-oligonucleotide)
for the p65 Cys38Ser mutant; 5′-CTG TGA AGA AGC GGG ACC
TGG AGC AGG CTA TCA G (5′-oligonucleotide, mutation point
in bold face) and 5′-ACT GGA TTC CCA GGT TCT GGA AAC
TGT GGA TGC AG (3′-oligonucleotide) for the p65 Cys120Ser
mutant. The PCR product was treated with DpnI for 120 min at
37 °C. The mutated pGEX-6P-1-p65(1-325) was separated on 1%
agarose gel in TBE buffer and extracted from the gel by using a
QIAEX II Gel Extraction Kit (QIAGEN, Valencia, CA). The
mutated pGEX-6P-1-p65(1-325) was mixed with 1 mM ATP and
T4-PNK (Takara) at 37 °C for 1 h and mixed with the ligation kit,
Ligation High (Toyobo, Osaka, Japan), at 16 °C for 1 h. The
plasmid was amplified in E. coli HB101 cells. Similarly, to obtain
p50 Cys62Ser, RelB Cys144Ser, and cRel Cys27Ser, we employed
inverse PCR using the plasmid containing each wild-type protein
cDNA. The following primers were used for the construction of
the mutant protein; 5′-CTG AAG GCC CAT CCC ATG GTG GAC
TAC CTG GTG C (5′-oligonucleotide, mutation point in bold face)
and 5′-ATA CAT AAC GGA AAC GAA ATC CTC TCT GTT
TAG G (3′-oligonucleotide) for the p50 Cys62Ser mutant; 5′-CCG
AGG GCC GCT CGG CCG GCA GCA TC (5′-oligonucleotide,
mutation point in bold face) and 5′-ACT CGT AGC GGA AGC
GCA TGC CGC GCT G (3′-oligonucleotide) for the cRel Cys144Ser
mutant; 5′-CTG AAG GGC GAT CAG CAG GCA GCA TTC C
(5′-oligonucleotide, mutation point in bold face) and 5′-ATT TGT
ATC TAA AAC GCA TTC CCC TCT G (3′-oligonucleotide) for
the cRel Cys27Ser mutant.

8. Recombinant Protein Purification. Recombinant proteins
were expressed in E. coli BL21 cells as GST fusion proteins at
25 °C for 3 h by induction with 0.1 µM isopropyl-1-thio-�-D-
galactopyranoside. The bacteria were lysed in a sonication buffer
(PBS, 0.1% NP-40, 1 mM DTT, 1% protease inhibitors (Nakarai
Tesque, Kyoto, Japan)), sonicated for 10 min on ice, and centrifuged
for 10 min at 14000 rpm at 4 °C. The supernatant was mixed with
100 µL of equilibrated glutathione-sepharose 4B (GE Healthcare)
at 4 °C for 60 min followed by washing five times with a sonication
buffer. Glutathione-sepharose-immobilized GST fusion proteins of
100 µg was mixed with 4 µL of PreScission Protease (GE
Healthcare) in a cleavage buffer (50 mM Tris-HCL [pH 7.5], 150
mM NaCl, 1 mM EDTA, 1 mM DTT) at 4 °C for 16 h and
centrifuged for 10 min at 14000 rpm at 4 °C. The supernatant was
used as the recombinant protein solution.

Biological Experiments. 1. Cell Culture. Hela cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM, Nissui, Tokyo,
Japan) supplemented with 10% heat-inactivated fetal bovine
serum (JRH Biosciences, Lenexa, KS), 200 µg/mL kanamycin,
100 units/mL penicillin G, 600 µg/mL L-glutamine, and 2.25
g/L NaHCO3.

2. Transfection with Plasmids. HeLa cells (3 × 105) were
grown in 60 mm dishes. Cells were transfected with the DNA
by using Lipofectamine LTX (Invitrogen, Grand Island, NY),
as described by the manufacturer. A total of 24 h after
transfection, the cells were treated with the chemical prior to
EMSA and Western blotting.

3. Nuclear Protein Extraction. Nuclear extracts were prepared
according to the method of Andrews and Faller.38 Cells (3 × 105)
were grown in 60 mm dishes and incubated with the desired
chemicals. They were then harvested and washed with phosphate-
buffered saline (PBS), suspended in 400 µL of buffer A (10 mM
HEPES [pH 7.8], 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1
mM DTT, 0.1 mM PMSF), and incubated on ice for 15 min. Nuclei
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were pelleted by centrifugation for 5 min at 14000 rpm, resuspended
in 40 µL of buffer C (50 mM HEPES [pH 7.8], 50 mM KCl, 300
mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 25%
glycerol [v/v]), incubated on ice for 20 min, and centrifuged for 5
min at 14000 rpm at 4 °C. The supernatant was used as the nuclear
extract.

4. Western Blotting. Total cell extracts and the nuclear extracts
were boiled in Laemmli loading buffer and subjected to SDS-
polyacrylamide gel electrophoresis. Proteins were transferred at
200 mA for 1 h onto Hybond-P membranes (GE Healthcare).
Nonspecific binding sites were blocked for 30 min by immersing
the membrane in a blocking solution, Tris-buffered saline with
Tween 20 (TBST): 10 mM Tris-HCl, pH 8.0, containing 150
mM NaCl, 0.1% Tween 20 (v/v), and 5% (w/v) nonfat dry milk.
After a short wash in TBST, the membrane was incubated in a
1:3000 dilution of a primary antibody in TBST for 1 h at RT
followed by 30 min of washing with TBST. The bound antibody
was then detected with horseradish peroxidase-conjugated
secondary antibody (diluted at 1:3000 in TBST) by incubation
with it for 1 h at RT. After having been washed for 30 min in
TBST, the immunocomplexes were detected by using ECL
reagent, Immobilon Western (Millipore, Billerica, MA). Expo-
sure to RX-U films (Fuji Film, Kanagawa, Japan) was carried
out for 10 s to 2 min.
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