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ABSTRACT: Based on the structural optimization work, probe 9-11 with practical activity and selectivity in tissue as well 
as living cell lines are well designed and synthesized. All the probes showed potent inhibitory and acceptable cell toxicity 
compared with commercially available p53-MDM2 inhibitor Nutlin-3, and can increase the protein expression level of p53 
and MDM2 in A549 cell line, in particular, probe 10 and 11 can increase the protein expression level of p53 than nutlin-3. 
Moreover, their application in imaging and detecting wild-type p53-MDM2 protein-protein interaction have been well 
demonstrated in cell and tissue level. Overall, these environment-sensitive fluorescent turn-on probes are affordable and 
rapid in imaging, also expected for the application in target drug screening as well as in pathologic diagnosis.

Introduction
p53, a well-known tumor suppressor, plays an 
indispensable role in protecting living cells against 
harmful damage from various cellular stresses, such as 
DNA damage, hypoxia, oncogenic activation, telomere 
erosion. It also involves in eradicating the tumor cells for 
normal physiological condition maintenance.1-5 In 
response to stress, p53 can participate in various cellular 
regulation process, such as apoptosis, cell cycle, DNA 
damage, senescence, hypoxia, oncogenic activation and 
differentiation.3,6,7 Under normal physiological state, p53 
protein has  a relative low expression level and a short 
half-life time (about 20 min), while under the abnormal 
situation, p53 transforms to a latent form, which is 
inactive or absent for transcription, so that it needs a 
specific signal to reactivate and functionalize p53.3 
Generally, the level of p53 protein is strictly regulated by 
its master regulator MDM2 (the murine double minute-2 
protein) and MDMX (also called MDM4) via a negative 
feedback loop.8 The p53 gene generally promotes the 
expression of the MDM2 gene and increases the level of 
the MDM2 protein. In turn, MDM2 binds to the N-
terminal domain of the p53 protein 9 and inhibits p53 
activity through three mechanisms: binding to the 
transactivation structure of p53 domain;6,10,11 translocation 

of p53 out of the nucleus;12 and the proteasome-mediated 
degradation of p53 triggered by MDM2 as an E3 ubiquitin 
ligase.1,2,9,13 The inhibition of p53 in malignancies is 
predominantly regulated by MDM2-p53 protein-protein 
interaction. In fact, approximately 50% of human tumors 
still express wild-type p53. Therefore, reactivating the 
function of p53 and inhibiting the function of MDM2 are 
very promising cancer treatment strategies.1,6,14

The current treatment strategies for activating p53 are 
mainly gene therapy and small molecule drug therapy1. 
Compared with gene therapy, the small molecules to 
reactivate p53 function is affordable by most family. 
However, to find effective small molecule inhibitors to 
stop non-enzymatic protein-protein interactions is still a 
challenge work. Fortunately, in 1996, Kussie et al used the 
X-ray crystallography to find the structural basis of the 
p53-MDM2 protein-protein interaction (PPI).15 The crystal 
structure show that the MDM2-p53 interaction is 
mediated by MDM2, which has a well-defined 
hydrophobic surface pocket and could be combined with 
key hydrophobic residues in p53, namely Trp23, Leu26, 
and Phe19.6 When it interacted with MDM2, the p53 
peptide forms an amphipathic α-helix.1 Based on this well-
defined crystal structure, provide the basis for designing 
non-peptides, small molecules for blocking MDM2-p53 
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interaction and re-activating p53 function.6 In recent 
years, based on the crystal structure of MDM2-p53, there 
are many selective molecules having potent antitumor 
activity both in vitro and in vivo, such as SAR405838,16 and 
RG7112.1,17

To better understand the interaction between p53 and 
MDM2, various strategies have been introduced, such as 
bimolecular fluorescence complementation (BiFC) assay 18 
and autofluorescence translocation biosensor system.19,20 
The fluorescence technique can directly visualize the 
protein-protein interaction and provide spatial and 
temporal information in living and intact cells with the 
unique advantages over any other methods, such as the 
electrophoresis-based systems, the two-hybrid system, 
mass spectrometry (MS) and immune affinity-based 
methods.20-22 However, BiFC and autofluorescent 
translocation biosensor techniques usually require a 
reporter such as the conjugate fluorescent proteins, it`s 
time-consuming, expensive and complicated.5 Hence, it is 
an urgent challenge to develop affordable and 
straightforward toolkit to visualize and detect this 
interaction. 

For the past few years, fluorescent probes have been 
widely applied for detecting as well as visualization the 
biotargets. Compared with BiFC and autofluorescent 
translocation biosensor techniques, the small-molecule 
fluorescent probes are more convenient and low cost, 
especially for the “off-on” mechanism, which disclosed 
many superiorities 2,5,23-26 in detecting specific proteins 
effectively with high signal-to-background ratios.27 
Therefore, it is still a thought-provoking task to develop 
small-molecule fluorescent probes for protein-protein 
interaction such as p53-MDM2 protein-protein 
interaction. 

In our previous works, we obtained a series of effective 
fluorescent probes for the p53-MDM2 PPI.2,5 However, 
these probes still have some defects, such as the weak 
fluorescence intensity. To address these issues, we 
endeavored to find more suitable probes. Recently, Tan 
group reported a number of turn-on fluorescent probes 
showed stronger fluorescence intensity in hydrophobic 
surroundings.28 We chose the fluorophore 4-sulfamonyl-
7-aminobenzoxadiazole (SBD) which has relative 
fluorescent properties as the recognition moiety in an 
aliphatic spacer. We chose acyl chloride 8 as the 
pharmacophore, in our previous study, we found that 
compounds with imidazoline scaffold had excellent 
binding affinity to MDM2 protein,14 the structure of 
pharmacophore is optimized based on the structure of 
Nutlin-3.14,29 Therefore, three environment-sensitive 
fluorescent probe 9-11 applied into detecting and 
visualization wild-type p53-MDM2 PPI were well 
designed, synthesized as well as evaluated. Furthermore, 
we also applied the probes into A549 and NCI-H1299 
tumor tissue slices imaging, the fluorescence images in 
tissue sections are in line with the results in living cell 
lines. Our probes showed particular selectivity as the p53-

MDM2 interaction inhibitor and could be used into 
detecting and imaging the wild-type p53-MDM2 
interaction.
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Scheme 1. The design strategy of fluorescent probe 9-11.

Experimental Section
Materials and instruments. General chemicals available 
from commercial sources and used as received without 
further purified. 1H NMR and 13C NMR were recorded on a 
Bruker 400 MHz/600 MHz NMR spectrometer. 
Fluorescence spectra and absorption spectra were tested 
by the Bio Tek Instruments microplate reader. 
Fluorescence imaging of cells was performed on the Zeiss 
Axio Observer A1 fluorescence microscope. Quantum 
yields of probes 9-11 were measured by HitachiF-2500 
fluorescent spectrometer, Shimadzu UV-2401PC UV-
visible spectrometer and WAY-2S Abbe refractometer. 
Analytical HPLC was performed on Agilent Technologies 
1260 Series using a C18 reversed phase column (250 x 
4.60mm , Phenomenex). IHC and tissue images was 
performed on OLYMPUS VS120, Flow cytometry analyzed 
by the Beckman  Cell Counter.

Docking study for probe 10 with MDM2. Follow the 
previous reports,2,30 The initialthree dimensional 
geometric coordinates of the X-ray crystal structure of 
MDM2 (PDB code: 1T4E) was downloaded from the 
Protein Data Bank 
(http://www.pdb.org/pdb/home/home.do). Then, we 
used GOLD 5.1 with GoldScore fitness function to dock 
probe 10 into its targets for testing the binding 
conformation of the complex. 

Synthesis. In the present research, probe 9-11 to detect 
p53-MDM2 PPI (Scheme 1) are developed based on the 
docking model of probes complex with MDM2 protein 
(PDB:1T4E) (Figure 1). The synthetic route of probe 9-11 
are depicted in Scheme 2. Further details of the synthesis 
can be found in the Supporting Information.

Figure 1. Docking mode of probe-10  with MDM2.
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Scheme 2. Synthetic routes of fluorescent probes 9-11. (a) 
120–130 °C, 6 h, 71.0%; (b) Triethylamine, r.t., 0.5 h; 
dimethylamine hydrochloride, tetrahydrofuran, 1 h, 0 °C, 
43.7%; (c) Acetonitrile, 60 °C, 6 h, 92.3%; (d) 
Triethylamine, DCM, r.t., 30 min, 79.6%.

Fluorescence spectroscopy test. The spectroscopic 
properties of probes 9-11 were measured at a final 
concentration of 5 μM diluted with PBS (pH = 7.4) by 
BioTek multiscan spectrum, respectively. More details of 
the spectroscopic properties of probe 9-11 can be found in 
the Supporting Information.

MDM2 binding affinity assay. The fluorescence 
polarization (FP) assay as described previously 
reports,2,30,31 The FP values were read on BioTek 
(Winooski, VT, USA) Synergy H4 with the filters (Ex: 485 
nm and Em: 535 nm). More detail procedures are showed 
in the Support Information.

In vitro anti-proliferative assay. We investigated the 
cytotoxicity of probes 9-11 and the Nutlin-3 by the CCK-8 
method. We select A549 (wild-type p53) and H1299 (p53 
null) cell lines to test the cytotoxicity of probe 9-11. 5×103 
cells per well were placed in 96-well plates with 100 μL 
DMEM culture medium (include 10% fetal bovine serum) 
and then cultured 37 °C in a humidified 5% CO2 
atmosphere overnight. Subsequently, the probes or 
Nultin-3 were added to the wells at different 
concentrations (a series 2-fold dilutions among 3.125-100 
μM), and then incubated for another 48 h. Then, follow 
the protocol of CCK-8, the absorbance value of each well 
was recorded by BMG microplate reader. The IC50 
valuable of each probe was calculated by the GraphPad 
Prism 5.0 software. More details can be found in the 
supporting informations. 

Fluorescence microscopy imaging. A549 (wild-type p53) 
and H1299 (p53 null) cell lines were chosen for the 
fluorescence imaging. When the cells were in the 
proliferation period, these two types of cells were 
transferred to the confocal dish and cultured overnight. 
Then, the probes 9-11 were further diluted with DMEM 
medium free fetal bovine serum at a final concentration 
of 5 μM and co-staining with the nuclear dye Hoechst 
33342 500 nM. Subsequently, probes were incubated with 
A549 and NCI-H1299 cells at 37 °C for 15 min, respectively. 
The A549 cell line were also performed by commercial 

available p53-MDM2 inhibitor (100 µM Nutlin-3) as the 
positive control incubation together with 5 µM each 
probe at the same conditions. Then the fluorescence 
imaging in living A549 and NCI-H1299  cell lines were 
obtained on a Zeiss Axio Observer A1 fluorescent 
microscope. The backgrounds of all the images were 
adjusted by Image J software. Objective lens: 63×.

Flow cytometry analysis. The flow cytometry test was 
performed on A549 cell line. When the cells were in the 
proliferation period, cells were collected and washed with 
1×PBS for three times. Probes 9-11 was added at a final 
concentration of 5 µM, respectively or together with the 
positive control (100 µM Nutlin-3) into the flow tubes 
with 300 μL PBS and 1×105 cells each tube. After 
incubation for about 30 min at 37 °C in dark environment, 
the samples were analyzed by Beckman  Cell Counter.

Western Blot. The protein level of p53 and MDM2 in 
A549 cancer cell line (wild-type p53) were detect by 
western blot. When A549 cell reaching 60-70% 
confluency, the cells were harvested and transferred into 
6 wells plate (Corning), after cultured for 12h, probe 9-10 
(10 µM, respectively) and Nutlin-3 (5 µM) were added in 
different well. After 24 h drugs treatment, cells were 
collected. Then, the cells were lysed by RIPA Lysis and 
Extraction Buffer and the protein concentration was 
quantitated by BCA Protein Assay Kit. Then, the protein 
extract was denatured and run on 12% SDS 
polyacrylamide gels. Gels were transferred to 0.45 μM 
PVDF membranes. The membranes were blocked with 5% 
milk buffer (5% nonfat dry milk in TBS/0.1% tween-20) 
for 2 h at room temperature and washed three times by 
TBST (each time for 5 min). The membranes were 
incubated with the primary antibody specific for p53 
(Abcam, ab7757; 1:800), MDM2 (Abcam, ab16895; 1:600), 
GAPDH (Abcam, ab181602; 1:10000) overnight at 4 °C and 
washed three times by TBST. Next, the PVDF membranes 
were incubated with a secondary antibody (Abcam, 
ab216777; 1:10000) carry out 2 h incubation at room 
temperature. After washing by TBST, Each protein was 
detected by BeyoECL Plus (Beyotime Biotechnology, 
P0018S, Shanghai, China) with ChemiDoc XRS imaging 
system (Bio-Rad, Hercules, CA), and the protein levels 
were quantitated by the gray values of the bands by the 
Image J software.

Immunohistochemical analysis of A549 and NCI-
H1299 tumor tissue slices. According to the protocol of 
Immunohistochemistry, tissue slices were deparaffinized 
in xylene, then rehydration in graded alcohols, after 
antigen repaired by All-purpose Powerful Antigen 
Retrieval Solution (Beyotime Biotechnology, P0088, 
Shanghai, China) at 95-100 °C for 20 min, the slices were 
incubation with primary antibodies Anti-p53 antibody 
[E26] ab32389 (1:100, abcam) overnight at 4 °C. And then 
were incubated with secondary antibody goat anti-mouse 
Ig G and goat antibody rabbit Ig G polymer (Gene Tech, 
GK600505, Shanghai, China) at room temperature for 15 
min, followed by staining with DAB at room temperature 
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for 5 min. Finally, tumor slices were washed, and then 
counterstained with hematoxylin, after dehydration by 
gradient ethanol, mounted under cover slips by neutral 
gum.  The slices were captured by the OLYMPUS VS120. 
Objective lens: 40×.

Imaging analysis of paraffin embedded A549 and 
NCI-H1299 tumor tissue slices. The stock solution (10 
mM) of probes was diluted in Krebs buffer (pH =7.4) to 
obtain 10 µM probe solutions. After tissue sections were 
antigen repaired, the slices were incubation with probe 9-
11 overnight at 4 °C, and aslo set A549 tumor slice 
incubated with probe and nutlin-3, respectively. The 
slices were captured by the OLYMPUS VS120. Objective 
lens: 40×.

Results and Disscusion
Spectroscopic Properties of Probes. As shown in the 
Table 1 and Figure S1, all the probe 9-11 possessed efficient 
fluorescent properties, the relatively quantum yield of 
probe 9-11 all > 40% in DMSO, and >10% in the PBS, 
revealed that the probe 9-11 possessed the environment-
sensitive turn-on mechanism in different solvent 
environment.

Table 1. Photophysical properties of probes 9-11

Compound λmax 
(nm)

λex 
(nm)

λem 
(nm)

Φ (%) 
PBS

Φ (%) 
DMSO

Probe 9 420 425 565 13.35 55.96
Probe 10 443 450 580 10.81 41.55
Probe 11 450 450 575 11.67 40.15

MDM2 binding affinity assay. In this assay test, Nutlin-
3 as the positive control, the Ki value is 198 nM. We found 
that probe 10 and 11 indicated reasonable binding activity 
with Ki values of 126 and 74.8 nM, respectively (Table 2 
and Figure S2), probe 10 and 11 showed higher potency 
than the reference compound.

Fluorescent Properties of Probes Combined with 
MDM2 Proteins and Nonspecific Protein BSA. All the 
probes were designed for MDM2 protein, The result 
displayed that there is little change of  FP value with 
MDM2 protein at different concentration, and the 
parameter setting are emission wavelength: 535 nm and 
excitation wavelength:  485 nm (Table S1). Furthermore, 
we also measured the fluorescence properties of probe 9-
11 with BSA (bovine serum albumin), for BSA could be 
formed non-specific binding with probe. The assay results 
indicated that a slight interaction in probe 9-11  with BSA 
(Figure S3).

Cytotoxicity Assay. The CCK-8 method was used to 
investigated the cytotoxicity of probe 9-11 and Nutlin-3. 
H1299 and A549 cell lines were selected to test the 
cytotoxicity of probe 9-11. Overall, our probes exposed 
low cytotoxicity (Table 2). These antiproliferative results 

proved that probe 9-11 can be applied into detecting as 
well as visualization the p53-MDM2 PPI in living cells.

Table 2. Biological data of probes 9-11

IC50 (μM)
Compound Ki (nM)

A549 H1299

Probe 9 993 ± 92.7 81.1±13.0 >100
Probe 10 126 ± 26.9 55.1±2.58 55.6±2.44
Probe 11 74.8 ± 10.7 98.0±0.62 >100
Nutlin-3 198 ± 37.1 5.65 ± 0.66 20.9 ± 3.01

Fluorescent Imaging. Considering the reasonable 
binding activity of probes 9-11 and low cytotoxicity, we 
evaluated probes 9-11 for detecting the p53-MDM2 PPI  in 
A549 cells as well as NCI-H1299 by Zeiss Axio Observer A1 
microscope. The experimental results exhibited that the 
fluorescence intensity is stronger in the p53 wild-type cell 
line A549 than the p53 null cell line NCI-H1299 (Figures 
2-4). When co-staining with the nuclear dye Hoechst 
33342, the results displayed that the p53-MDM2 
interaction mainly located in the cytoplasm, which is in 
line with the previous reports 2,19,20 that MDM2 is mainly 
located in the cytoplasm. We also chose Nutlin-3 as the 
control to examine whether these probes could bind with 
p53-MDM2, we incubated 100 μM Nutlin-3 with 5 μM 
probes 9-11 in the p53 wild-type A549 cell line, 
respectively. The result revealed that Nultlin-3 could 
decrease the fluorescence intensity compared with 
incubate probes alone. The results (Figure 2-4) proved 
that our probes had binding with p53-MDM2, so that can 
be applied into detecting the wild-type p53-MDM2 
interaction in the cell level.

Figure 2. Fluorescence microscopic imaging of A549 cells  
and NCI-H1229 cells incubated with 5 μM probe 9. A1, B1 
and C1- bright field; A2, B2 and C2-GFP channel; A3, B3 
and C3 were stained by the nuclear dye Hoechst 33342, 
and A4, B4 and C4 are the merged images. A549 (A) and 
NCI-H1229 (C) cells were incubated with 5 μM probe 9; (B) 
is the p53 wide-type cell line A549 incubating 5 μM probe 
9 with 100 μM Nutlin-3. Scale bar = 67 μm.
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Figure 3. Fluorescence microscopic imaging of A549 cells  
and NCI-H1229 cells incubated with 5 μM probe 10. A1, B1 
and C1- bright field; A2, B2 and C2-GFP channel; A3, B3 
and C3 were stained by the nuclear dye Hoechst 33342, 
and A4, B4 and C4 are the merged images. A549 (A) and 
NCI-H1229 (C) cells were incubated with 5 μM probe 10; 
(B) is the p53 wide-type cell line A549 incubating 5 μM 
probe 100 μM 10 with Nutlin-3. Scale bar = 67 μm.

Figure 4. Fluorescence microscopic imaging of A549 cells  
and NCI-H1229 cells incubated with 5 μM probe 11. A1, B1 
and C1- bright field; A2, B2 and C2-GFP channel; A3, B3 
and C3 were stained by the nuclear dye Hoechst 33342, 
and A4, B4 and C4 are the merged images. A549 (A) and 
NCI-H1229 (C) cells were incubated with 5 μM probe 11; 
(B) is the p53 wide-type cell line A549 incubating 5 μM 
probe 11 with 100 μM Nutlin-3. Scale bar = 67 μm.

Flow Cytometry (FCM) Assay. The FCM method was 
used to measure the binding ability of probe 9-11 or/and 
Nultin-3 in A549 cell line. The result showed that the 
fluorescence intensity of probe 9-11 to the A549 cells was 
more stronger than the A549 cells co-incubated by probes 
with Nutlin-3 (Figure 5). And proved that nutlin-3 could 
decreased the binding ability of probe 9-11 in A549 cell 
line. These FCM results are consistent with the 
fluorescence microscopic imaging assay in the A549 living 
cell lines.

Figure 5. The fluorescence intensity of 5 μM probe 9-11 
or/and 100 μM nutlin-3 in A549 cell line measured by 
FCM (Red: negative control; Blue: Nutlin-3; Black: probe 
9-11; Green: Nutlin-3 was incubated with probe 9-11). A-C 
are probe 9, probe 10 and probe 11, respectively.

Detect the protein level of p53 and MDM2 in A549 cell 
line by western blot. We examined whether probes 9-11 
could inhibite the p53-MDM2 interaction in the A549 cell 
line by Western Blot. Interestingly, all the probes exposed 
a same up-regulation of p53 and MDM2 level in A549 cells 
as positive control (Figure 6). The qualification result 
demonstrated that probes 2-3 can increase the expression 
levels of p53 than Nutlin-3 (Figure 6B). Therefore, these 
probes could induce apoptosis of tumor cells, inhibit the 
tumor cell proliferation.

Figure 6. Cellular activity for probe 9-11 for the p53 
pathway activation detected by Western Blot (A549 cell 
lines). A: the western blot images of each groups; B: the 
qualification of the protein levels by the gray values of the 
bands A by the Image J, the concentration of Nultin-3 is 5 
μM, and the concentrations of probe 9-11 is 10 μM, 
respective. Data were analyzed by paired t test, *p<0.05, 
**p<0.01 vs. DMSO group.

Hematoxylin-eosin (HE) and Immunohistochemical 
(IHC) Experiments. HE staining was provided by Qilu 
Hospital of Shandong University. The HE staining results 
indicated that the A549 and H1299 tumor slices exhibited 
pathological condition. In order to detected the protein 
expression level of p53 in tissue, we conducted the IHC 
experiment, after the tissue incubated with primary 
antibodies Anti-p53 antibody and the second antibody, 
the IHC imaging results (Figure 7) proved that A549 
tumors exhibited the highest immunostaining, whereas 
NCI-H1299 tumors showed weak staining for anti-p53. 
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This results in accordance with the fact that A549 is the 
p53 wide-type cell line and that NCI-H1299 is the p53 null 
cell line. Therefore, the A549 and H1299 tumor tissue 
slices could be well applied into tissue slice imaging assay.

Figure 7. HE staining and IHC of A549 and NCI-H1229 
tumor slices. A549 tumor exhibited the strongest 
immunostaining for anti-p53. A: A549 tumor slices HE 
staining; B: NCI-H1299 tumor slices HE staining; C: the 
A549 tumor slice incubated with primary antibodies Anti-
p53 antibody; D: the NCI-H1299 tumor slice incubated 
with primary antibodies Anti-p53 antibody. OLYMPUS 
VS120 performed the images with a 10× objective lens.

We also evaluated whether probe 9-11 can selectively 
detect wild-type p53-MDM2 interaction in the tumor 
slices. After antigen repaired, the slices were incubation 
with probes overnight at 4 °C. The imaging results 
(Figure 8) proved that our probes could significantly 
labeled in the A549 tumor slice; while staining is lower in 
the NCI-H1299 tumor section and A549 tumor slice co-
incubated with probe and Nutlin-3, which is in 
accordance with the fluorescence image assay in living 
cells. The tissue slice imaging results revealed that our 
probe 9-11 can be applied into cancer diagnosis in 
pathophysiological condition in future.

Figure 8. Imaging on tumor slices of probe 9-11. A1, B1 
and C1 were A549 tumor slices incubated with 10 μM 
probe only; A2, B2 and C2 were A549 tumor incubated 

with 10 μM probe and 200 μM Nutlin-3; A3, B3 and C3 
were NCI-H1299 tumor incubated with 10 μM probe. 
OLYMPUS VS120 performed the images with a 20× 
objective lens. 

Conclusion
In this study, we have designed a novel class of non-
peptide small-molecule MDM2 inhibitors with excellent 
fluorescent properties for detecting and imaging the p53-
MDM2 interaction. These three probes could bind to the 
hydrophobic domain of p53 on MDM2 surface by an 
environment-dependent turn-on mechanism. Compared 
with other imaging method, such as immunofluorescence 
and fluorescent protein-based techniques, the small-
molecule fluorescent probe is affordable, convenient, and 
rapid. After multiple bioactivity evaluations in living cell 
lines and tumor tissues, three fluorescent probes 9-11 
exhibited potent affinities and particularly sensitive for 
the wild-type p53-MDM2 interaction. In summary, the 
novel class of non-peptide small-molecule MDM2 
inhibitors may lead to the development of an entirely new 
type of anticancer drugs and drug screening. The small-
molecule environment-sensitive fluorescent probes have 
an advance development, and look forward to applying 
into human clinical in the future. 
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