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Abstract 

Alzheimer's disease is one of the most common diseases that cause cognitive dysfunction. 
Phosphodiesterase 4 (PDE4) is responsible for cyclic adenosine monophosphate (cAMP) 
hydrolysis in the body, and the inhibition of its activity can activate the 
cAMP/PKA/CREB/BDNF signal pathway to strengthen and consolidate learning and 
memory. This study was aimed to express and purify PDE4D2 protein and to screen its 
inhibitors. A recombinant pET15b-PDE4D2 plasmid was transferred into Escherichia coli 
BL21(DE3). The target protein PDE4D2 was induced by isopropyl β-D-thiogalactoside 
(IPTG) and was purified by Ni-NTA affinity chromatography, and then was used for 
activity detection of its inhibitors with a phosphodiesterase kit. The optimal expression 
conditions of PDE4D2 were obtained by single factor experiments. Firstly, E. coli BL21 
with pET15b-PDE4D2 was cultured overnight in LB liquid medium at 37 °C and then in 
YT medium until OD600 was 0.6-0.8. Then the expression of PDE4D2 was induced at 15 °C 
and 1 mM IPTG for 40 h. A screening model of PDE4D2 inhibitors was constructed with 
PDE-Glo™ phosphodiesterase assay kit. Six PDE4D2 inhibitors with further development 
potential were screened by detecting the inhibition rate and IC50 of the compounds for 
PDE4D2, which laid the foundation for the further research on the structural 
modification, pharmacology, efficacy and toxicology of these compounds. 
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1. INTRODUCTION 

With the aging of the population, the incidence of neurodegenerative diseases such as 
Alzheimer's disease (AD) is increasing. AD is mainly manifested as neuropsychiatric symptoms 
such as memory disorder, cognitive disorder, personality change and language disorder (Zhao 
et al., 2012). Two representative hypotheses in the pathogenesis of AD are the beta amyloid (Aβ) 
hypothesis and tau protein aggregation hypothesis, but research and development of drugs 
targeting Aβ and tau proteins have encountered severe difficulties. Considering of this, 
researchers are looking for new drug targets to improve cognitive impairment. Among them, 
acetylcholinesterase inhibitors have been actively developed with outstanding achievements. 
However, monotherapy of these drugs requires a large dose to achieve the curative effect, which 
is easy to lead to adverse reactions. Therefore, combined treatment is often needed to delay the 
progress of the disease, temporarily improve cognitive impairment and raise life quality of the 
patients (Guzior, 2015). In this situation, it is necessary to find new drug targets to improve 
cognitive function for AD treatment. 



World Scientific Research Journal                                                      Volume 6 Issue 8, 2020 

ISSN: 2472-3703                                                       DOI: 10.6911/WSRJ.202008_6(8).0004 

35 

Phosphodiesterases (PDEs) include 11 different families (PDE1-PDE11) and each family 
contains various subtypes and variants, with a total of more than 100 different proteins. These 
proteins can hydrolyze cyclic adenosine monophosphate (cAMP) and cyclic guanosine 
monophosphate (cGMP) (Lugnier, 2006) to inactive 5'-AMP and 5'-GMP and regulate their 
hydrolysis rates (Chung, 2006). cAMP and cGMP, two second messengers in cells, can regulate 
intracellular signal transduction and cause a series of biochemical reactions (Soderling, 2000). 
Phosphodiesterase 4 (PDE4), one PDE superfamily isoenzyme, can inhibit the biochemical 
phenomenon of the second messengers through cAMP hydrolysis in important cells (Prince, 
2013). PDE4 is a proven drug target for treatment of inflammation, asthma, chronic obstructive 
pulmonary disease, AD and other diseases (Norton, 2014). Each subtype of PDE4 (PDE4A, 
PDE4B, PDE4C and PDE4D), contains multiple transcription units and promoters (Gavalda , 
2013), and more than 20 PDE4 isoenzymes are widely distributed in the brain, kidney, 
cardiomyocytes, endothelial cells and immune cells. PDE4 can promote the physiological and 
pathological processes of monocytes and macrophages, neutrophil infiltration, vascular smooth 
muscle proliferation, vasodilation and myocardial contraction, thereby affecting central 
nervous system functions, cardiovascular functions, inflammation/immune systems, and cell 
adhesion (Ferro, 2003). 

By inhibiting activity of PDE4, PDE4 inhibitors can reduce intracellular cAMP hydrolysis, 
increase cAMP content, activate downstream signaling molecules, and further regulate the level 
of brain-derived neurotrophic factors and other proteins (Martinez, 2014). cAMP activated 
protein kinase A phosphorylates and activates cAMP response unit binding protein (CREB), an 
important nuclear protein, which regulates the transcription of cAMP response unit (CRE) 
genes in promoters. Increasing the level of cAMP response element binding (CREB) extremely 
contributes to enhancing learning ability and memory consolidation (Ortega-Martí nez, 2015). 
Therefore, PDE4 is a promising target to improve cognition, and it is expected to develop new 
drugs to improve cognitive impairment. 

A large number of stable PDE4 active proteins are needed for the screening and follow-up 
study of PDE4 inhibitors. In this study, pET15b-PDE4D2 plasmid was transformed into BL21 
(DE3) competent cells, and the expressed PDE4D2 recombinant protein was purified by Ni+ 
column affinity chromatography and used for preliminarily screening of its inhibitors.  

2. EXPERIMENTAL METHODS 

2.1. Strains and Plasmids 

E. coli BL21(DE3) was kept in our laboratory. The recombinant plasmid pET15b-PDE4D2 was 
donated by Sun Yat-sen University. 

2.2. Experimental Instruments 

THZ-072HT CNC constant-temperature shaker (Shanghai Gaming Biological), YJ-VS ultra-
clean bench (Wuxi Yijing Purification Equipment), Pico 17 desktop high-speed centrifuge 
(Thermo Fisher), TG16-WS desktop high-speed centrifuge (Shanghai Lu Xiangyi), Gold S53 
spectrophotometer photometer (Shanghai Prism), Spark multi-functional microplate reader 
(Tecan), Gel Doc XR + electrophoresis gel imaging system (Bio-Ra), DYY-6C electrophoresis 
instrument (Beijing Liuyi Instrument Factory), 30-mL affinity chromatography column 
(Changzhou Heaven and Earth and Peace). 

2.3. Main Experimental Reagents 

LB medium: Yeast Extract 0.5%, Tryptone 1%, NaCl 0.5%; YT medium: Yeast Extract 1%, 
Tryptone 1.6%; TB medium: Yeast Extract 2.4%, Tryptone 1.2%, NaCl 0.5%. 
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Equilibrium buffer: 10 mM imidazole, 20 mM Tris·Base, 0.5 M NaCl, pH=8.0; Washing buffer 

I: 20 mM imidazole, 20 mM Tris·Base, 0.5 M NaCl, pH=8.0; Washing buffer II: 50 mM imidazole, 

20 mM Tris·Base, 0.5 M NaCl, pH=8.0; Elution buffer: 250 mM imidazole, 20 mM Tris·Base, 0.5 

M NaCl, pH=8.0; PBS buffer: solution A and solution B were mixed at 61:39 (v/v). Solution A: 
Na2HPO4·2H2O 15.60 g was dissolved in 1000 mL distilled water; solution B: NaH2PO4·7H2O 
26.80 g was dissolved in 1000 mL distilled water. 

2.4. Competent Cell Preparation 

The host strain BL21 (DE3) was cultured overnight at 37 °C in LB medium, transferred to 
fresh LB medium, and cultured for 2-4 hours to OD600 of 0.5-0.6. Then 1.5 mL of the culture was 
collected and centrifuged at 4000 rpm for 8 min. The precipitate was suspended in 1.5 mL 
precooled CaCl2 solution and placed on ice for 30 minutes, then centrifuged at 4000 rpm for 8 
minutes. The pellet was suspended in 100 µL precooled CaCl2 solution and stored at 4 °C for 12-
24 hours. 

2.5. Plasmid Transformation 

Competent receptor cells (100 µL) and purified pET15b-PDE4D2 plasmid DNA (10 µL) was 
mixed and placed on ice for 30 minutes. Then the mixture was transferred to a water bath at 
42 °C for 90 seconds. After placement for 2 minutes on ice, 0.5 mL of - LB liquid medium was 
added and mixed, followed by incubation in a water bath at 37 °C for 1-2 hours. Then 100 μL 
transformation solution was incubated on the LB plate containing 100 μg/mL ampicillin and 
incubated at 37 °C for 24 hours. The transformants were transferred into 3 mL LB liquid 
medium with ampicillin and cultured overnight at 37 °C. 

2.6. Expression of PDE4D2 

The overnight culture (1 mL) was transferred into 100 mL fresh medium with 100 μg/mL 
Amp and incubated at 37 ℃ until the OD600 was 0.6-0.8. Then,the temperature was adjusted and 
IPTG was added into the media for induced expression of PDE4D2.  

The culture conditions investigated here included medium type (LB, YT, and TB), IPTG 
concentration (0.1, 0.5 and 1 mM), expression temperature (13, 15 and 17 ℃), and expression 
time (20, 30 and 40 hours). 

2.7. Solubility Analysis of PDE4D2 

Then culture under optimal conditions was centrifuged at 4 ℃ and 8000 rpm for 5 minutes. 
The bacterial pellet was washed twice with PBS (pH7.2), resuspended with 10 mL equilibrium 
buffer, and then ultrasonically disrupted at 0 ℃. 1 mL disrupted solution was collected and 
centrifuged at 12000 rpm for 30 min at 4 °C, and the pellet was resuspended with 1 mL 
equilibrium buffer. 10 μL of the disrupted solution (total protein), supernatant (soluble protein), 
and precipitation resuspension (insoluble protein) were boiled in boiling water for 5 minutes, 
and the protein expression of each sample was detected by SDS-PAGE. 

2.8. Purification of PDE4D2 

The soluble protein in the supernatant was purified by affinity chromatography. Firstly, the 
nickel column was equilibrated with 10 times of column volume of equilibrium liquid. The 
samples were then added into the column. The impurity proteins were washed out with 10 
times of column volume of washing buffers I and II, and the target protein was eluted with 4 
times of column volume of elution buffer. The eluent with PDE4D2 was dialyzed at 4 ℃ for 36 
hours and the dialyzate was exchanged every 12 hours. The volume ratio of eluent and dialyzate 
was 1:50. Finally, the desalted eluate was concentrated 5 times and the purity of the target 
protein was detected by SDS-PAGE. 
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2.9. Concentration Detection of PDE4D2 

Bovine serum albumin (BSA) was used as the standard protein and dissolved in PBS to 
prepare BSA solutions at concentrations of 0, 0.02, 0.04, 0.06, 0.08, and 0.1 mg/mL. Then 200 
μL of Coomassie Brilliant Blue G250 and 50 μL of each BSA gradient solution were mixed in a 
96-well plate. 10 minutes later, the absorbance of each sample at 595 nm was measured with a 
microplate reader. The correlation between absorbance and BSA concentration was y=0.1865x–
0.0107 (R²=0.9918, Figure 1). The absorbance of the target protein sample at 595 nm was 
measured in the same way, and the concentration of the target protein was calculated according 
to the standard curve. 

 

 
Figure 1. BSA standard curve 

2.10. Enzyme Screening of PDE4D2 Inhibitors 

PDE-Glo™ phosphodiesterase assay kit was used to detect the activity of PDE4D2 and screen 
its inhibitors. The experiment set a blank group (without PDE, inhibitor and substrate), a 
negative group (without PDE and inhibitor) and a positive group (without inhibitor) in a 384-
well plate. (1) Add 5 μL of 1×PDE-Glo™ Reaction Buffer to each well in column 1 of rows A 
through C for the blank group. (2) Add 2.5 μL of 1×PDE-Glo™ Reaction Buffer and 2.5 μL of 10 
μM cAMP to each well in column 2 of rows A through C and mix well for the negative group. (3) 
Add 1 μL of inhibitor with different concentration to each well starting from column 4 and equal 
volume of 1×PDE-Glo™ Reaction Buffer to the well in column 3 of rows A through C; add 1.5 μL 
of PDE4D2 diluted in 1×PDE-Glo™ Reaction Buffer to each reaction in all columns except column 
1 and 2. Mix the plate and pre-incubate at room temperature for 5 minutes. (4) Add 2.5 μL of 10 
μM cAMP to each well in all columns except column 1 and 2, mix well and incubate at room 
temperature for 30 minutes. (5) Add 2.5 μL of PDE-Glo™ termination buffer to each reaction and 
mix well. (6) Add 2.5 μL of PDE-Glo™ detection buffer to each reaction, mix well and incubate for 
20 minutes at room temperature. (7) Add 10 μL of Kinase-Glo® reagent to each reaction, mix 
well and incubate for 10 minutes at room temperature. (8) Microplate reader is used to measure 
the luminescence. The measurements were repeated three times. The inhibition rate is 
calculated by the following formula: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑢𝑝

𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑢𝑝 − 𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑢𝑝
 

As a positive standard, Roflumilast was prepared in different concentrations (25.0000, 
12.5000, 6.2500, 3.1250, 0.7813, 0.3906, 0.1953, 0.0977 μM) with 1×PDE-Glo™ reaction buffer, 
and their inhibition rates to PDE4D2 were measured according to above method. IC50 of 
Roflumilast was obtained by using GraphPad to fit the experimental data. 

y = 0.1865x - 0.0107
R² = 0.9918
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In the initial screening of inhibitor, the inhibition rate of the compounds on PDE4D2 activity 
was firstly determined at 25 μM and 5 μM. The IC50 of the compounds with inhibition rate higher 
than 50% at both concentrations was determined by the same method as the positive standard. 

3. RESULTS 

3.1. Solubility Analysis of PDE4D2 

 
Figure 2. SDS-PAGE of PDE4D2; M: protein marker; 1: total protein; 2: precipitation after 

sonication; 3: supernatant after sonication 

 

When the recombinant protein is expressed in E. coli at a high level, it is easy to form an 
inactive protein inclusion body, resulting in the decrease of soluble active protein concentration. 
In order to understand the expression of soluble protein in this study, the supernatant protein, 
precipitated protein and total protein were collected and detected by SDS-PAGE after ultrasonic 
treatment of protein expression solution. The results (Figure 2) showed that there are obvious 
bands around 37 KD in the three samples, which is consistent with the expected size of the 
target protein. However, compared with the supernatant protein samples, the target protein 
bands in the precipitated protein samples are more obvious, which indicated that the target 
protein is mainly existed in the form of inclusion bodies. It is necessary to further optimize the 
expression conditions to improve the content of the target protein in the supernatant. 

3.2. Purification of Supernatant Protein  

It can be seen from Figure 2 that the soluble protein solution contains a large number of 
impurity proteins, and the subsequent screening of inhibitors requires high-purity soluble 
target protein, so the supernatant protein is purified by Ni+ column affinity chromatography. 
SDS-PAGE detection was carried out after five times concentration of the collected protein 
solutions. The results (Figure 3) showed that most impurity proteins could not combine with 
Ni+ column and flowed out of the column with the balance buffer solution (line 2), and a few 
impurity proteins with less binding force flowed out with the low concentration washing buffer 
solution (line 3 and line 4), while the target protein band in the eluate buffer solution was clear 
and the impurity protein band was less (line 5). However, a considerable part of the target 
protein was taken away by the low concentration washing buffer, resulting in the loss of the 
target protein. 
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Figure 3. SDS-PAGE of purified PDE4D2. M: protein marker; 1: supernatant after sonication; 2: 

equilibration buffer concentrated 5 times; 3: washing buffer I concentrated 5 times, 4: 
washing buffer II concentrated 5 times; 5: elution buffer eluting protein concentrated 5 times 

 

4 mL of purified and concentrated protein solution can be obtained from 100 mL of culture 
solution. The absorbance of protein solution at 595 nm is determined by the method described 
in 2.8, and then the protein concentration is calculated as 1.4832 mg/mL according to the 
protein standard curve. It can be concluded that 59.3 mg of purified protein can be obtained in 
1 L culture medium.  

3.3. Optimal Expression Conditions of PDE4D2 

In order to increase the expression of soluble target protein, the protein expression 
conditions such as medium composition, induction temperature, induction time, IPTG 
concentration were optimized, and the results were shown in Figure 4. When YT and LB were 
used as the medium, the expression of soluble target protein was equivalent and higher than 
that of TB medium (Figure 4b). However, when YT was used as the medium, the content of 
contaminated protein was less than that of LB medium. Therefore, YT medium is the most 
suitable medium for soluble expression of the target protein. The other suitable conditions for 
expression of soluble protein is temperature 13 ℃, induction expression time 40 h, and final 
IPTG concentration 1.0 mM (Figure 4a, 4c and 4d). 
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Figure 4. Induced expression of PDE4D2 under different concentrations. (a) IPTG 

concentration, 1-3: 0.1, 0.5 and 1.0 mM; (b) media, 4-6: YT, LB and TB; (c) induction time, 7-9: 
20, 30 and 40 hours; (d) induction temperature, 10-12: 13, 15 and 17 ℃. 

3.4. Enzyme Screening Results of PDE4D2 Inhibitors 

The IC50 of the positive standard Roflumilast was determined according to the method 
described in 2.9 and compared with the data reported in the literature to test the reliability of 
the method. The results are shown in Figure 5. 
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Figure 5. The IC50 of the positive standard Roflumilast 

 

The IC50 of Roflumilast for PDE4D2 is 0.47 μM, which is basically consistent with the reported 
value of 0.80 μM (Zhang et al., 2002), indicating that the detection method is effective. 

Then, the same method was used to determine the inhibition rate of 11 compounds on 
PDE4D2 at 25 μM and 5 μM concentrations. The results are shown in Table 1. 

 
Table 1. PDE4D2 inhibition rate of compounds with different concentrations of compounds 

Compounds  Inhibition rate of compounds on PDE4D2/% 
25μM 5μM 

Roflumilast 99.34 98.90 
CYF01 98.61 75.17 

CYF03 99.84 74.01 
CYF05 57.90 41.12 
CYF06 89.84 65.26 

QNST-4D 99.98 96.96 
DLP-4D 94.15 91.07 
GXLW-7 97.30 90.75 
ABDZ-5 78.28 40.06 
HQSS-2 64.70 32.80 
FXLW-2 85.72 52.71 
HYJ-4B 90.83 0.00 

 

The inhibition rate of the compound on the enzyme at high concentrations is higher than that 
at low concentrations, indicating the method is effective (Table 1). Among them, 6 compounds 
(CYF01, CYF03, CYF06, QNST-4D, DLP-4D, GLXW-7) can well inhibit the activity of PDE4D2, and 
the inhibition rates are higher than 50% at both high and low concentrations. The IC50 of these 
six compounds was further measured and the results are shown in Figure 6. 

 



World Scientific Research Journal                                                      Volume 6 Issue 8, 2020 

ISSN: 2472-3703                                                       DOI: 10.6911/WSRJ.202008_6(8).0004 

42 

1 2 3 4

-50

0

50

100

150

CYF01

Log10(Concentration)

In
h

ib
it

io
n

 r
a

te
,
%

IC50= 23.79μM

 

1 2 3 4

-50

0

50

100

150

CYF03

Log10(Concentration)

In
h

ib
it

io
n

 r
a
te
,
%

IC50= 9.007μM

 

1 2 3 4

-50

0

50

100

150

CYF06

Log10(Concentration)

In
h

ib
it

io
n

 r
a
te
,
%

IC50= 7.795μM

1 2 3 4

-50

0

50

100

150

QNST-4D

Log10(Concentration)

In
h

ib
it

io
n

 r
a
te
,
%

IC50= 1.399μM

 

1 2 3 4

-50

0

50

100

150

DLP-4D

Log10(Concentration)

In
h

ib
it

io
n

 r
a
te
,
%

IC50= 3.702μM

1 2 3 4

-50

0

50

100

150

GXLW-7

Log10(Concentration)

In
h

ib
it

io
n

 r
a

te
,
%

         IC50= 38.01μM

 
Figure 6. The IC50 of six selected compounds 

 

It is reported that the IC50 of Apremilast, Sansin M and Rolipram are 30 nM, 2.9 μM and 0.24 
μM respectively (Chen et al.,2012). Compared with them, the IC50 values of the above six 
compounds are basically equivalent or slightly larger and can be used as the parent compound 
for subsequent research and structural modification to obtain more effective PDE4D2 inhibitors. 

4. DISCUSSION 

PDE4, a member of the PDE family, has many subtypes and can hydrolyze cAMP specifically. 
It is reported that PDE4D inhibitors (Roflumilast, Apremilast, Rolipram) can enhance cognitive 
function of rodents, but they have side effects such as nausea and vomiting, which limits their 
application (Vijayakrishnan et al., 2007). In order to screen new inhibitors with better 
selectivity and less side effects, the corresponding target protein with a certain purity is needed. 
In this study, PDE4D2 was used as the target protein, and the expression conditions were 
optimized to improve the expression of soluble protein. The key to improving the expression of 
soluble protein is to find a balance between the speed of protein expression and the speed of 
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protein folding. If the protein expression rate is too high to fold correctly, then most part of 
proteins will exist in the form of inclusion body, resulting in the decrease of soluble protein 
expression. Most of the protein expression conditions investigated in the literature usually 
include expression temperature, expression time and inducer concentration. In addition, this 
study also investigated the influence of medium composition on the expression of soluble 
protein. Low temperature and long time were favorable for the expression of soluble protein, 
which was consistent with the results reported in the literature. In this study, we found that 
different media compositions had some influence on the soluble protein expression condition 
and effect. Huai cultured E. coli BL21 containing the plasmid pET15b-PDE4D2 in LB medium, 
and cultured at 12 ℃, 0.1 mM IPTG for 40 h, 1L of cell culture solution can obtain 50 mg of target 
protein (Huai et al., 2003). In this study, YT was used as the recombinant protein induction 
expression medium. After cultured at 13 ℃ and 1 mM IPTG for 40 h, approximately 19.3 mg of 
purified protein could be obtained from 1L of culture medium. In this study, the PDE-Glo™ 
Phosphodiesterase Assay kit was used to screen out six compounds with a high rate of inhibition 
of PDE4D2 activity in a series of new compounds. The kit is low in price, easy to operate and 
has no pollution to the environment. The IC50 test results for the positive control are consistent 
with those reported in the literature. It can be used for the preliminary screening of PDE series 
inhibitors. For the six compounds obtained by screening, follow-up studies can use them as lead 
compounds, and use computer-aided design to optimize the molecular structure of the 
compounds, synthesize ethers, halogenated, isophenyl, acetylated and other derivatives The 
obtained series of compounds were subjected to in vitro inhibitor activity determination, as 
well as pharmacological, toxicological, and pharmacokinetic studies to obtain PDE4D2 
inhibitors with better selectivity and fewer side effects. 

In this study, the expression conditions of PDE4D2 soluble protein were optimized. The 
purified target protein was obtained by Ni+ column affinity chromatography. Six novel PDE4D2 
inhibitors were screened using a new kit for the structural transformation and pharmacology 
of subsequent inhibitor research on the efficacy of medicine laid the foundation. 
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