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A B S T R A C T

Zinc fingers have rarely been regarded as drug targets. On the contrary, the zinc-binding site of enzymes has
often been considered a target of inhibitors. We previously developed a dithiol compound called SN-1 that binds
to the zinc finger protein tumor necrosis factor receptor-associated factor 6 (TRAF6) and suppresses downstream
nuclear factor-κB (NF-κB) signaling. To determine the minimal structure requirements of TRAF6 inhibitors based
on SN-1, NF-κB inhibitory activity and cytotoxicity of its derivatives including new compounds were examined.
SN-2, an oxidative type of prodrug of SN-1 with 2-nitrophenylthio groups via disulfide, has the minimum
structure for an inhibitor of TRAF6, as seen with cellular experiments. The importance of two side chains with a
thiol group was shown with molecular modelling. This study may lead to development of selective TRAF6
inhibitors in the near future.

Introduction

Zinc is often present in the catalytic center of enzymes that catalyze
various biological reactions.1 In other cases, zinc contributes to protein
folding to maintain the stability of the protein,2–5 and to the functions
of the protein via formation of a zinc finger moiety.1 Initially, zinc
fingers were investigated as DNA binding motifs of transcription fac-
tors. Later, some cytoplasmic proteins were found to have zinc fingers
that exert these functions. One explicit example is tumor necrosis factor
receptor-associated factor 6 (TRAF6), a signaling transducer implicated
in cancer and inflammation.6,7 TRAF6 has five zinc fingers C-terminal
to the N-terminal RING finger domain, which has E3 ubiquitin ligase
activity against TRAF6 itself and other signaling proteins and leads to
downstream signaling.8–10 The first zinc finger regulates poly-ubiqui-
tination of TRAF6.11

The zinc-binding site of enzymes has a pocket to accommodate these

substrates,12 and thus, this site has been considered a target of in-
hibitors. Among the inhibitors, captopril, an inhibitor of zinc-con-
taining angiotensin-converting enzyme,13 entered the market and is
used widely. On the other hand, zinc fingers have been rarely regarded
as drug targets. Previously, we synthesized a zinc protein-binding
compound called SN-114–17 (Fig. 1). SN-1 binds to the zinc finger pro-
tein, TRAF6, and suppresses its ubiquitination and downstream nuclear
factor-κB (NF-κB) signaling.18 Introduction of an SN-1 recognition
moiety that can specifically bind TRAF6 zinc fingers may eventually
lead to a selective TRAF6 inhibitor drug. In our endeavors to achieve
this goal, here we determined the minimal structure requirements of
TRAF6 inhibitors based on SN-1.

SN-1 has two thiol groups, and thus, the compound is easily oxi-
dized to cyclic disulfide oligomeric mixtures (SN-3) (Fig. 1). To sur-
mount this obstacle, we have used a compound with 2-nitrophenylthio
groups via disulfide (SN-2) as an oxidative type of prodrug of SN-1 in
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cellular experiments.16,18 To explore the structure-activity relationship
in more detail, compounds SN-5 and SN-6 with phenyl and pyridinyl
groups, respectively, instead of the 4-dimethylaminopyridinyl group of
SN-2 were synthesized. Compound SN-9 that lacks one side chain of SN-
1, and SN-7 that does not have the dimethylamino group present in SN-
9 were also designed. Furthermore, compound SN-8 in which the
mercaptoethylamino group is fixed by introduction of a phenyl ring was
designed. In these compounds with one thiol group, complex oxidative

products are expected to not be produced. Thus, we did not need to
change the thiol group to a disulfide.

SN-5 and SN-6 were synthesized with the same method as SN-214

(Scheme 1). The corresponding aryl dialdehyde was reductively ami-
nated with S-tert-butylcysteamine hydrochloride in the presence of so-
dium cyanoborohydride to give compounds 1 and 3. Reacting 1/3 with
2-nitrophenylsulfenyl chloride followed by selective release of the ni-
trophenylsulfenyl moiety from the amino groups afforded SN-5/SN-6

Fig. 1. Structures of SN-1 and its derivatives used in this study. SN-114, SN-214, SN-316, Biotin-SN-117, Farnesyl-SN-121, and Dodecyl-SN-121 were previously reported.
SN-5, SN-6, SN-7, SN-8, and SN-9 were synthesized in this study. Bis(2-nitrophenyl)disulfide was commercially available.
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via 2/4 (Scheme 1). The overall yields of SN-5 and SN-6 were 3.7% and
13%, respectively. SN-7 was obtained by a straightforward reaction
between 2-(bromomethyl)pyridine hydrobromide and 2-aminoetha-
nethiol hydrochloride in the presence of sodium bicarbonate (94%
yield) as reported previously.19 To obtain SN-8, 2-(pyridin-2-yl)-2,3-
dihydrobenzo[d]thiazole was synthesized20 (87% yield), and then its
thiazoline ring was reductively opened with sodium borohydride21

(70% yield), as previously described. SN-9 was synthesized by reductive
amination of 4-(dimethylamino)picolinaldehyde with S-tritylcystea-
mine hydrochloride in the presence of triacetoxyborohydride (18%
yield), followed by removal of the trityl group (22% yield) (Scheme 2).
Whereas the yields of reductive amination products were generally low,
the final compounds were obtained in good purity. Additionally, we
included the previously reported compounds Biotin-SN-1,17 Farnesyl-
SN-1, and Dodecyl-SN-122 in our study to obtain more thorough
structure-activity relationship information (Fig. 1).

To assess the inhibitory activity of TRAF6, its downstream NF-κB
signaling was examined with a cellular reporter assay.18,23 HeLa S3
cells co-transfected with 3κB-tk-luc (with a triple κB sequence that
binds to NF-κB joined to a downstream firefly luciferase gene) and
control vector pRL-Luc (with a β-actin promoter joined to a down-
stream renilla luciferase gene) were incubated for 1 day, and SN-1 or its
derivative (10 μM) was added. After 1 h of incubation, cells were sti-
mulated with interleukin-1α (IL-1 α) and further incubated for 3 h.
Cells were lysed, and a dual-luciferase reporter assay was conducted.
The value of luminescence after addition of a substrate of firefly luci-
ferase was normalized to that using a substrate of renilla luciferase to
determine NF-κB activity.

The result is shown in Fig. 2A. As previously reported, SN-2 showed
a pronounced inhibitory effect (80%) against NF-κB activation.18 SN-6
showed a similar effect (76%), whereas no activity of SN-3 was

observed. SN-2 and SN-3 are expected to generate the same SN-1 by
reductive agents inside cells, and thus, we deduced that SN-3 is a
mixture of large molecules formed by oxidation of thiol groups. To
correctly evaluate the activity of the reductive type of these com-
pounds, DL-dithiothreitol (DTT) (30 μM) was added to the compounds
first, and the experiment was repeated using the same conditions.

As shown in Fig. 2B, SN-3 showed similar activity (85%) to that of
SN-2 (89%), demonstrating that this assay system is valid. Compared
with SN-2, SN-6 had similar (84%) but slightly weaker activity,
showing the small effect of a dimethylamino group on the pyridine ring.
SN-5 did not show clear inhibitory activity. This demonstrates the im-
portance of the nitrogen atom in the pyridine ring. Notably, 2-ni-
trobenzenethiol (NpSH), which is generated from Bis(2-nitrophenyl)
disulfide and is also formed by reductive cleavage of SN-2, SN-5, and
SN-6, did not show activity. SN-7, SN-8, and SN-9 lacked any detectable
activity, implying the importance of the two side chains of the pyridine
ring. Among Biotin-SN-1, Farnesyl-SN-1, and Dodecyl-SN-1, only
Biotin-SN-1 showed activity (78%), although it was weaker than that of
SN-3. This suggests that a long substituent at position 4 of the pyridine
group is not a major obstacle to activity. The reason that Farnesyl-SN-1
and Dodecyl-SN-1 had no activity may be because these compounds
localize to the membrane or to other proteins with a hydrophobic
pocket. In these experiments, SN-2 showed the best activity to suppress
downstream signaling of TRAF6.

The experimental results can be explained by our previous mole-
cular docking study of SN-1 into the first zinc finger of TRAF6 using the
Molecular Operating Environment.18 Both the pyridyl nitrogen and two
sulfurs bind to an amino acid or zinc of TRAF6, showing their im-
portance (binding score −8.5 kcal/mol). Herein, we predicted that SN-
9 interacts in the same shallow pocket. The ionized sulfur interacts with
zinc and Cys155 by ionic and H-bonds, respectively. One more

Scheme 1. Synthetic route of SN-5 and SN-6.

Scheme 2. Synthetic route of SN-9.
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intermolecular bond is formed between the pyridyl moiety and the
His151 residue (binding score −6.2 kcal/mol) (Fig. 3). Visual analysis
and binding score values can provide information about the key role of
the second mercaptoethyl amino chain that conferred superior TRAF6
inhibitory activity on SN-1 by forming a more favorable complex with
the first zinc finger of TRAF6.

Finally, the cytotoxicity of select compounds was examined. HeLa
S3 cells were incubated with SN-2, SN-3, SN-6, Biotin-SN-1, or bis(2-
nitrophenyl)disulfide with anti-NF-κB activity that were pretreated
with DTT. An MTT [3-(4,5-Dimethylthial-2-yl)-2,5-Diphenyltetrazalium
Bromide] assay was performed after 8 h of incubation, which was a
longer time than that in the experiment to determine NF-κB activity. As
shown in Fig. 4, SN-3 induced death in around half of the cells. In

contrast, SN-2 did not show cytotoxicity. Both SN-2 and SN-3 are ex-
pected to generate SN-1 due to reductive agents in the cells. The dif-
ference is that only SN-2 will generate NpSH. One plausible mechanism
for the absence of toxicity of SN-2 is that NpSH inhibits the interaction
of SN-2 with various proteins to exert toxicity. However, NpSH itself
shows weak toxicity (24%) (Fig. 4), and thus, the mechanism is not
simple. Importantly, SN-6 showed cytotoxicity unlike SN-2, showing
that the dimethylamino group in the pyridine ring decreases toxicity.
Biotin-SN-1 with a long substituent had similar toxicity to that of SN-3
with a dimethylamino group.

Taken together, our results suggest that SN-2 has the structure with
the best activity to suppress downstream signaling by binding to
TRAF6. Especially in SN-2, the nitrogen atom of the pyridine ring and

Fig. 2. Inhibitory activity against NF-κB activation determined by the reporter assay. HeLa S3 cells were transfected with 3κB-tk-luc and pRL-Luc and incubated for
1 day, followed by treatment with compounds (10 μM) in the absence (A) or presence (B) of DTT (30 μM) and incubated for 1 h. The cells were further treated with IL-
1α (10 ng/mL), and the dual-luciferase reporter assay was performed 3 h post-transfection. The transcription activity from the κB site (in 3κB-tk-luc) was normalized
to the activity from the β-actin promoter (in pRL-Luc). The relative NF-κB activity is shown.
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its two side chains are required for the activity. The dimethylamino
group of the pyridine ring and the nitrophenylsulfenyl group are im-
portant for decreasing cytotoxicity. We conclude that SN-2 has the
minimum structure for an inhibitor of TRAF6 as shown with the cellular

experiments. This study may become the basis for a new category of
drugs targeting zinc fingers. We have already succeeded in adding
target specificity to SN-1 by changing its structure15 or introducing a
moiety to selectively bind to target proteins22,24. Development of
TRAF6-specific inhibitors based on SN-2 is in progress.
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