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Protein–protein interactions are essential for transmitting signals from extracellular space to 

cell nuclei and also for cell–cell communication. Small molecules that target protein–protein 

interactions, therefore, are great research tools for dissecting the biological functions of a 

given protein–protein interaction and potential therapeutics for many different human 

diseases.[1] However, targeting protein–protein interactions by small molecules remains a 

significant challenge.[1, 2]

Cyclic-AMP response element (CRE) binding protein (CREB) belongs to a large family of 

basic leucine zipper (bZIP)-containing transcription factors.[3, 4] It is phosphorylated at 

Ser133 by mitogen- and stress-activated protein kinases.[4] The phosphorylated CREB (p-

CREB) then binds the mammalian transcription coactivator, CREB-binding protein (CBP) 

via the kinase-inducible domain (KID) in CREB and the KID-interacting (KIX) domain in 

CBP.[5] This binding event will further recruit other transcriptional machinery to the gene 

promoter to activate CREB-dependent gene transcription.[4] Recent studies have revealed 

that CREB is overexpressed in many different types of cancers including prostate cancer,[6] 

breast cancer,[7] non-small-cell lung cancer,[8] and acute myeloid leukemia.[9] Therefore, 

small-molecule inhibitors of CREB–CBP are potential anticancer agents. Herein we describe 

our discovery of naphthol AS-E (1) as a cell-permeable small-molecule inhibitor of the 

KIX–KID interaction by using a novel Renilla luciferase complementation assay.
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Naphthol AS-E phosphate (2) was identified by a medium-throughput NMR screening as a 

candidate compound to inhibit the KIX–KID interaction with an IC50 of ~90 μm.[10] Yet this 

same compound displayed a much higher potency in a cell-based assay to inhibit CREB-

mediated gene transcription with an IC50 in the low-mm range. The reason for the huge 

potency difference remains to be resolved. We hypothesized that the cellular activity seen 

with compound 2 might come from compound 1 being generated in situ by 

dephosphorylation. Consistent with this hypothesis, compound 2 was found to be 

dephosphorylated in regular tissue culture media and not cell-permeable (Figure S1 in the 

Supporting Information). However, it is unclear whether compound 1 has any biological 

activity in vitro or in cells.

In order to investigate whether compound 1 inhibits the CREB-CBP interaction, a Renilla 
luciferase complementation assay[11-15] was designed to monitor the KIX–KID interaction 

(Figure 1). In this assay, KID and KIX were fused to the N- and C-terminal fragments of 

Renilla luciferase, respectively. On their own, the individual fragments do not present 

luciferase activity ; however, once KIX binds phosphorylated KID, the Renilla luciferase 

fragments are brought together to reconstitute active Renilla luciferase. Therefore, 

measurement of Renilla luciferase activity will register the binding interaction between KIX 

and KID.

The constructs RLucC–KIX and KID–RLucN for the Renilla luciferase complementation 

assay were created by fusing the C-terminal Renilla luciferase fragment (230–314) to KIX 

(553–679) and KID (100–161) to N-terminal fragment of Renilla luciferase (2–229) via a 

flexible linker (Figure 1, bottom). The splitting point of Renilla luciferase was based on 

previous studies.[11] The relative orientation of the different fragments was derived after 

careful inspection of the NMR structure of the KIX–KID complex.[5] To test whether this 

assay was working as expected, HEK293T cells were transfected with these two constructs, 

and increasing concentrations of forskolin were then added to the cells to stimulate 

phosphorylation of KID. As presented in Figure 2A, forskolin dose-dependently stimulated 

Renilla luciferase activity ; this suggests that the KIX–KID interaction was induced inside 

the cells upon forskolin stimulation.

Having established the Renilla luciferase complementation assay, we then asked whether 

compound 1 could inhibit the KIX–KID interaction in living cells. Therefore, RLucC–KIX- 

and KID–RLucN-transfected HEK293T cells were treated with compound 1 before 

stimulation with forskolin (2.5 μm). The data shown in Figure 2B demonstrate that 

compound 1 dose-dependently inhibited Renilla luciferase activity with an IC50 of 2.26 ± 

0.65 μm. Compound 3, an N-methylated analogue of 1, showed significantly reduced 

inhibitory activity (IC50 = 24.54 ± 5.46 μm) and therefore serves as a negative control. In a 

similar Renilla luciferase complementation assay using Id–MyoD (inhibitor of DNA 

binding–myogenic differentiation) as a protein interaction pair,[11] no inhibition was 

observed in the presence of compound 1 (Figure S2).

To rule out the possibility that the observed decrease in Renilla luciferase activity is due to 

decreased phosphorylation of KID, HEK293T cells were treated with compound 1 followed 

by forskolin stimulation. The phosphorylation status of CREB was evaluated by Western 
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blot in the crude cell lysates. No change in the level of phosphorylated CREB was observed 

(Figure S3), thus indicating that the decreased luciferase activity was indeed due to 

inhibition of the KIX–KID interaction in living cells. The reconstituted Renilla luciferase 

could not be completely inhibited by compound 1 (Figure 2B). Incomplete inhibition of 

Renilla luciferase activity was also observed with HSP90 (heat shock protein 90) inhibitors 

in inhibiting HSP90 and p23 interaction in a similar assay format.[16] Two possibilities, not 

mutually exclusive, could cause the residual activity. First, the residual activity might reflect 

a basal level of KIX–KID interaction that is not inhibited by compound 1. Second, the 

residual activity might result from a fraction of complexes whose luciferase fragments still 

associate with each other even though KIX–KID is separated by compound 1.

To further demonstrate that compound 1 inhibits the KIX–KID interaction, a biochemical 

Renilla luciferase complementation assay was designed. A His6-tagged RLucC–KIX protein 

was expressed and purified from E. coli (Figure S4); meanwhile, phosphorylated KID–

RLucN was expressed from HEK293T cells, and crude cell lysates were used directly for 

complementation. As presented in Figure 3A, Renilla luciferase activity was specifically 

reconstituted when RLucC–KIX was mixed with KID–RLucN. No significant increase in 

luciferase activity was observed when RLucC–KIX was combined with Id–RLucN, which 

contains the same N-terminal Renilla luciferase fragment fused to a non-KIX-interacting 

protein partner Id. With both the interacting partners in hand, an in vitro biochemical assay 

was performed to evaluate the ability of different compounds to inhibit the KIX–KID 

interaction. As presented in Figure 3B, compound 1 dose-dependently inhibited KIX–KID 

interaction with an IC50 of 2.90 ± 0.81 μm. On the other hand, no significant inhibition of 

the KIX–KID interaction was observed with compound 2 or 3 at concentrations up to 50 μm; 

this suggests that they are rather weak inhibitors of the KIX–KID interaction.

To investigate whether compound 1 could directly bind KIX to inhibit the KIX–KID 

interaction, it was incubated with various concentrations of purified His6KIX immobilized 

on Ni–Sepharose beads. The remaining unbound compound 1 was then analyzed by HPLC 

(Figure 4A). The concentration of unbound 1 decreased with increasing concentration of 

His6KIX. The apparent Kd of binding compound 1 to KIX was ~8.6 μm. On the other hand, 

negligible binding of compound 2 to His6KIX was observed under the same experimental 

conditions. These data are consistent with the in vitro KIX–KID interaction inhibition results 

(Figure 3B).

The above studies clearly demonstrated that compound 1 inhibits the KIX–KID interaction 

both in cells and in vitro. To investigate the functional consequences of inhibiting the KIX–

KID interaction in cells, a Renilla luciferase (RLuc) reporter assay was employed to look at 

the ability of compound 1 to inhibit CREB-mediated gene transcription in living HEK293T 

cells. HEK293T cells were transfected with CRE-RLuc, which expresses RLuc under the 

control of three iterative copies of CRE. RLuc was used instead of firefly luciferase (FLuc) 

because we found that compound 1 inhibits FLuc’s enzymatic activity (Figure S5). The 

transfected cells were then treated with compound 1 followed by forskolin (10 μm) 

stimulation. As presented in Figure 4B, compound 1 dose-dependently inhibited CREB-

mediated gene transcription with an IC50 in the low-μm range, which is comparable to its in 

vitro and cellular KIX–KID inhibitory potency (Figures 2B and 3B). Compound 2 inhibited 
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CREB reporter transcription with reduced potency. This activity was a result of compound 1 
being generated in situ by partial dephosphorylation of 2 during the experiment (5 h, Figure 

S1) because compound 2 is not cell permeable. Control compound 3 only weakly inhibited 

CREB-mediated gene transcription (IC50 > 50 μm; Figure S6). To assess the role of the 

KIX–KID interaction in mediating the inhibition of CREB reporter transcription by 

compound 1, a constitutively active CREB mutant, CREB-VP16 whose transcription 

activity is independent of KID,[17] was cotransfected with CRE-RLuc into HEK293T cells. 

No significant inhibition of CREB-VP16-mediated gene transcription was observed with 

compound 1 (Figure S7); this suggests that KIX–KID interaction inhibition is required to 

inhibit CREB-mediated gene transcription by 1.

In conclusion, we have developed a novel Renilla luciferase complementation assay and 

discovered naphthol AS-E (1) to be a cell-permeable inhibitor of the KIX–KID interaction 

by binding to KIX directly. In addition, naphthol AS-E inhibits CREB-mediated gene 

transcription in living cells. These results could explain the observed huge potency 

difference (>40-fold) between in vitro and cellular assays of compound 2.[10] The structure 

of compound 1 represents the first KIX-binding small molecule to inhibit CREB-dependent 

gene transcription in living cells and a novel template for inhibiting protein–protein 

interactions. Recent studies have demonstrated that CREB plays a critical role in tumor 

progression and maintenance.[18] Therefore, the discovery of compound 1 as an inhibitor of 

the KIX–KID interaction might present an opportunity to develop novel transcription-based 

cancer therapeutics, an area that is largely underexplored.[19, 20] These studies are underway 

and will be reported in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design principle of and fusion constructs for the KIX–KID Renilla luciferase 

complementation assay. NLS : nuclear localization sequence.
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Figure 2. 
Compound 1 inhibits KIX–KID interaction in living cells. A) Forskolin dose-dependently 

stimulates KIX–KID interaction in cells. HEK293T cells were transfected with RLucC–KIX 

and KID–RLucN. The transfected cells were then treated with increasing concentrations of 

forskolin for 2 h. The Renilla luciferase activity was then measured by adding 

coelenterazine to the cells. B) Compound 1 inhibits KIX–KID interaction in cells. Same as 

in (A), except that the transfected cells were pretreated with increasing concentrations of 1 
(▲) or 3 (●) before the addition of forskolin (2.5 μm).
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Figure 3. 
Compound 1 inhibits the KIX–KID interaction in vitro. A) Renilla luciferase activity was 

specifically reconstituted upon mixing RLucC–KIX and KID–RLucN. B) Compound 1 
inhibits the KIX–KID interaction in vitro. RLucC–KIX and KID–RLucN were combined in 

the presence of varying concentrations of 1 (●), 2 (■) or 3 (▲). The mixture was then 

incubated on ice for 24 h, and the remaining luciferase activity was measured.
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Figure 4. 
Compound 1 binds KIX and inhibits CREB-mediated gene transcription. A) Compound 1 
binds His6KIX. Different concentrations of His6KIX were immobilized on Ni–Sepharose 

beads and incubated with either 1 (□) or 2 (■; 50 μm). The fraction of unbound compounds 

was analyzed by HPLC. B) Compound 1 inhibits CREB-mediated gene transcription in 

HEK293T cells. CRE-RLuc-transfected HEK293T cells were treated with increasing 

concentrations of 1 (□) or 2 (■). The Renilla luciferase activity was measured 4.5 h after 

forskolin stimulation.
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