
 1

Binding analyses of the refolded recombinant protein of human p21(waf1/cip1) 

expressed in E.coli – an evaluation on its use in exploring the novel p21 interacting 

proteins by immunoprecipitation 

 

Yin-Chang Liu1*, Yi-Fu Huang1, Kuo-Pao Lai1, Yu-Ching Chang1, Chia-Ching Chang2, 

Chu-Bin Liao1  

 

1Department of Life Science and Institute of Molecular Medicine, National Tsing-Hua 

University, Hsin-Chu, Taiwan 30043; 2Department of Physics, National Dong Hwa 

University, Hualien, Taiwan 97401. 

 

*the corresponding author: Dr. Yin-Chang Liu; Fax: 886-3-574-2757; 

email:ycliu@life.nthu.edu.tw. 

Abbreviation: PCNA, proliferating cell nuclear antigen, CDK, cyclin dependent kinase, 

IP, immunoprecipitation 

 



 2

Abstract 

The p21 (Waf1/Cip1) , the general inhibitor of cyclin dependent kinase (CDK), is known for 

its role for cell cycle arrest for DNA repair when genomic lesions occur. However, recent 

findings on the novel p21 (Waf1/Cip1) interacting proteins have suggested that p21 (Waf1/Cip1) 

may have different functions besides CDK inhibitors. To explore the novel p21 (Waf1/Cip1) 

interacting proteins, we have cloned the human p21 (Waf1/Cip1) cDNA into E. coli 

expression vectors to obtain the recombinant proteins from the transformed bacteria. The 

recombinant proteins were overexpressed and were found to be present in inclusion 

bodies in bacteria. However, we used a previously described scheme to denature and 

refold the recombinant p21 proteins and the refolded p21 was found to show the binding 

activities as expected from the native protein, i.e. the interactions with its well-known 

targets such as PCNA, CDK and cyclin D1. By using immunoprecipitation, we found that 

this refolded p21 protein specifically recognized more than a dozen proteins in 

UV-irradiated Chinese hamster (CHO-K1) cells which is p21 deficient. One of the 

proteins identified by the subsequent MALDI-TOF procedures was PCNA. These 

analyses suggest that the refolded, recombinant p21 protein is suitable for exploring the 

novel p21 interacting proteins with immunoprecipitation method. 
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1. Introduction 

Eucaryotic cell cycle progression is regulated via the balance between cyclin-dependent 

kinase (CDK) activation and inhibition [1]. p21(Waf1/Cip1) is a universal inhibitor of CDKs 

in mammals. It inhibits the G1 cyclin CDK activity by interacting with cyclin-CDK 

complexes and the DNA replication by interacting with proliferating cell nuclear antigen 

(PCNA, the sliding clamp of DNA polymerase δ/ε), through its N-terminal and 

C-terminal domains, respectively [2-8]. p21 has been known for its role in the p53 

checkpoint control which monitors the genomic integrity of cells [9]. The expression of 

p21 can be induced by p53 to arrest cell cycle for DNA repair when cells are inflicted 

with DNA lesions by either internal or external factors.  

Interestingly, recent discoveries found that p21 has new activities that are unrelated to 

its function as CDK inhibitors. For instance, p21 can interact with procaspase-3 to inhibit 

caspase-3 activation and to resist Fas-mediated cell death [10]. A study using a yeast-two 

hybrid system has found that p21 interacts with a zinc finger, nuclear protein, Ciz1which 

may regulate the cellular localization of p21[11]. Besides, p21 can interact with the 

transcription activator STAT3 (signal transducers and activators of transcription) and the 

interaction blocks the STAT induction of gene expression in response to cytokine receptor 

stimulation [12]. STAT proteins are in cytoplasm before the receptor is stimulated. 

Following stimulation, STAT proteins dimerize, translocate into the nucleus, and activate 

specific target genes. In addition, the protooncogene product c-Myc has been found to 

bind to p21 via the PCNA-binding region and hence relieves PCNA from p21 for DNA 

replication, meanwhile the E-box-dependent transcription by Myc-Max is blocked [13]. 

Moreover, p21 forms a complex with Rho-kinase and inhibits its activity in vitro and in 
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vivo [14]. Rho-kinase plays important roles in stress fiber, focal adhesion formation, 

smooth muscle contraction, cytokinesis, and neurite retraction.  

Therefore, the p21 protein seems to participate in complicated and unexpected 

regulatory circuits and it is likely that more novel p21 interacting proteins may remain to 

be discovered.  

In this report, we describe the binding activities of the refolded recombinant human 

p21(Waf1/Cip1) protein which was obtained as inclusion bodies from the transformed 

bacteria and subsequently undergone the denaturing and refolding scheme. Our purpose 

was to evaluate if the recombinant human p21 protein is suitable for identifying novel 

p21 interacting proteins. Although the bacterially expressed recombinant p21 proteins 

have been described before [15], its use of this kind has not been reported. Our study 

indicates that the refolded recombinant human p21 protein could recognize the cellular 

PCNA, cyclin D1 and CDK2 in the cell extracts prepared from Chinese hamster cells. 

More interestingly, the recombinant p21 protein appeared to specifically recognize more 

than a dozen proteins in UV-irradiated hamster cells. Our previous studies have indicated 

that UV induces substantial apoptosis in these cells and the cells are p21 deficient.  

 

2. Materials and methods  

2.1 Construction of the bacterial expression vectors of human p21(Waf1/Cip1) and the 

recombinant protein expression and purification 

The human p21(Waf1/Cip1) cDNA clone [ 16 ] was used as the template and a pair 

primers (forward 5’-cccggatccATGTCAGAACCGGCT-3’ and reverse 

5’-cccgtcgacTTAGGGCTTCCTCTT-3’) for polymerase chain reaction to amplify the 
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DNA fragment for cloning the gene in full-length into the bacterial expression vector 

pET-30a or pET-32a (Novagen) to give pET-30a-p21(or pET-32a-p21). In the 

above-mentioned primer sequences, the regions of p21 were in capital letters and the 

cloning sites, i.e. Bam H1 and SalI were underlined. The fidelity of the cloned p21 

sequences in expression vectors was proved by DNA sequencing (not shown). E. coli 

strain (BL21 DE3) was transformed with the p21 expression vectors and the transformed 

bacteria were used for expressing the recombinant p21 proteins. The recombinant p21 

proteins were induced in the transformed bacteria with IPTG at 37 oC for 3 h or under the 

specified conditions. The induced-culture was centrifuged at 6000 rpm for 15 min, and 

the pellet was resuspended in 5 ml ice-cold lysis buffer (10 mM Tris-HCl, pH 8.8 and 0.1 

mM lysozyme) for 1 h on ice. Aliquots of 10 mM Tris-HCl , pH 8.8 solution were added 

to give a final volume of 25 ml. The French-Press was then performed twice to 

breakdown the cell walls and the total cell lysate was centrifuged at 6000 rpm for 15 min. 

The soluble and pellet fractions were separated and tested for the presence of p21 protein 

with 12 % SDS- polyacrylamide gel electrophoresis and Western blotting analysis using 

anti-p21 antibody (Santa Cruz, sc-6264). As most of the recombinant p21 proteins were 

in pellet fraction, the pellets were collected and dissolved in 4.5 M urea with 10 mM Tris 

base and 0.1 M β- mercaptoethanol (β-ME) and the His-tag containing recombinant 

proteins were further purified with nickel-column affinity chromatography.   

 

2.2 Denaturation and renaturation of recombinant human p21 

The procedures were performed according to those described previously [17, 18,]. The 

protein solution obtained from nickel-column affinity chromatography was dialyzed 
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against buffer 1 (10 mM Tris base, pH 11, 1 M urea, 0.1 mM β-ME and 5% glycerol) for 

72 h at 4 oC. The urea was then removed by dialysis against buffer 2 (10 mM Tris base, 

pH 11 , 0.1 mM β-ME and 5% glycerol) for 24 h at 4 oC, To neutralize the pH, the 

refolding mixture was dialyzed against buffer 3 (10 mM Tris base, pH 8.8, 0.1 mM β-ME 

and 5% glycerol) for 24 h at 4 oC. Finally, glycerol was removed by dialysis against 

buffer 4 (10 mM Tris base, pH 8.8, 0.1 mM β-ME ) for 4 h at 4 oC.  

 

2.3 Immunoprecipitation 

The immunoprecipitation procedures described previously [19], were adopted. For a 

typical assay, 1-2 µg of the recombinant p21 protein was added with 300 µl of total cell 

lysate (about 500- 700 µg proteins), 200 µl of dH2O and 500 µl of 2 x 

immunoprecipitation (IP) buffer (2 X IP buffer : 2% Triton X-100, 300 mM NaCl, 20 

mM Tris-HCl pH 7.4, 2 mM EDTA pH 8.0, 2mM EGTA, 0.4mM PMSF, 1% NP-40). The 

mixtures were incubated at 4°C for 1.5 h. Then, 2 µg of primary antibody was added to 

the mixtures and incubated at 4 oC for 1.5 h with constant rotation. After that, 50 µl of 10 

% protein A-agarose (Amersham) was added to the mixture and incubated with agitation 

for 1.5 h at 4°C. The mixture was then centrifuged with 5000 g for 5 min, and the 

supernatant was discarded. The remaining pellets were washed with 1 ml of 1 ×IP buffer 

for 3 times. The pellets were then resuspended with 20 µl of 2 × SDS sample buffer (8% 

SDS, 40% glycerol, 0.2% bromophenol blue, 20% β-ME). Finally, the pellets were boiled 

for 15 min, and mixture was then centrifuged to separate the insoluble particles from the 

solution which was saved for subsequent analysis by 12 % SDS-PAGE and Western 

blotting analysis. For Western analyses the antibodies: anti-PCNA (Oncogene, 
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NA03-200UG), anti-p21 (Santa Cruz, sc-6264), anti-cdk2 (Santa Cruz, sc-6248), 

anti-cyclin D1 (Santa Cruz, sc-8396) and anti-actin (Santa Cruz, sc-1616) were used. 

 

3. Results  

3.1 The recombinant human p21 (Waf1/Cip1) protein from E. coli.  

The recombinant protein of human p21 cloned in pET30a vector was induced by 

IPTG in transformed E. coli as illustrated in Fig 1A (top panel). The induced-protein was 

confirmed to be p21 by the Western blotting using anti-p21 antibody (Fig 1A, bottom 

panel). It was noted that besides the major protein a slightly smaller protein in less 

abundance was also recognized by the p21 antibody. This minor species was also seen 

even when different vectors (e.g. pET32a) was used, and it was co-purified with the 

major band during affinity chromatography purification with nickel column (see Fig 1C), 

suggesting that the minor protein contained the His6-tag. And since the His6-tag was (in 

theory) fused with the recombinant p21 protein at the N-terminal end, the minor protein 

was likely a truncated version of p21 with a deletion at C-terminal (see more in 

discussion).  

While to isolate the recombinant p21 protein, we noted that most of the proteins of 

interest were in the form of inclusion bodies. Only few of the proteins were in the soluble 

fraction even if the induction was performed at conditions thought to be in favor of the 

soluble form, for instance, induction with low concentrations of IPTG and/or at low 

temperatures (see Fig 1B). We also had tried different vectors, for instance, pET-32a but 

we found that the including of thioredoxin to the recombinant protein did not improve the 

solubility of the recombinant proteins.  Since the soluble recombinant p21 proteins were 
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too few in quantity for our further biochemical analyses, we decided to harvest the 

inclusion bodies and applied the denaturing-refolding procedures described previously 

[17] to obtain the soluble, refolded recombinant p21 proteins. For this end, the pellets of 

recombinant protein were first solubilized into urea containing buffer and purified with 

nickel column as illustrated in Fig 1C, then the purified proteins were subjected to a 

sequential series of denaturation and refolding as described in the materials and methods. 

To examine if the refolded protein had any secondary structures, the circular dichroism 

spectra of the recombinant p21 was collected (Fig 2A) and analyzed by the SELCON3 

program with the CA reference (Fig 2B). This analysis gave 9.9% of the α-helix, 35.5% 

of β-sheet, 22.6% of turn and 32.1% of unordered structure, which is not similar to those 

described in the previous report [15]. Nevertheless, both studies agree that 

the recombinant p21 protein had low portion of α-helix. 

 

3.2 The recombinant human p21 (Waf1/Cip1) protein bound PCNA, CDK2 and Cyclin D1 

It has been known that p21 (Waf1/Cip1) binds PCNA at its C-terminal domain, and 

interacts with cyclin and CDK at N-terminal domain (see Fig 3A). To examine if the 

refolded recombinant p21 protein could bind PCNA, we performed the 

immunoprecipitation (IP) experiments using the crude lysate of hamster cells (CHO-K1). 

Previously, we have found that p21 is absent in CHO-K1 cells at either normal or 

UV-irradiated conditions [20,21]. Hence, there would be no endogenous p21 to compete 

with the recombinant p21 for PCNA. In the IP experiments, cell lysate was mixed with 

the recombinant p21 protein and the proteins interacting with recombinant p21 protein 

were pulled-down by anti-p21 antibody and the subsequent binding of protein-A 
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conjugated with agarose. The presence of PCNA in the proteins pulled-down was 

analyzed in Western-blotting using anti-PCNA antibody.  The results shown in Fig 3B 

(top panel) indicate that the hamster PCNA was recognized by the recombinant p21. As 

compared lanes 1 and 4, PCNA was not detected in the pellets unless the anti-p21 

antibody was included. The amount of PCNA pulled-down was apparently dependent on 

the cell lysate as compared the lanes 1 and 2. Interestingly, the heat treated-p21 lost the 

binding of PCNA significantly (see lanes 1 and 3). As a positive control, lane 5 shows the 

direct blotting of PCNA in the lysate. The interaction between PCNA and the 

recombinant p21 was also shown by the reciprocal IP, i.e. immunoprecipitation of PCNA 

first with anti-PCNA antibody and then Western blotting for the recombinant p21 (see 

lane 1, bottom panel of Fig 3B). As a negative control, IP with anti-actin antibody did not 

co-precipitate p21 (see lane 2).  

To see if the recombinant p21could bind cyclin D1/CDK2 complex, a similar 

experiment was performed with CHO-K1 cell lysate , i.e. the IP first with anti-p21 

antibody then Western blotting analysis for the presence of CDK2. As expected, the 

recombinant p21 bound CDK2 (see Fig 3C, top panel). Furthermore, this binding was 

verified with the reciprocal IP, i.e. IP with anti-CDK2 or anti-Cyclin D1 first, then 

Western analysis for the presence of recombinant p21 protein (Fig 3C, bottom panel). 

When antibodies against CDK2 or cyclin D1 were used to immunoprecipitate CDK2 or 

cyclin D1, p21 was detected in the subsequent Western analysis (lanes 1 and 2, Fig 3C 

bottom). It was noted that although the recombinant p21 proteins in the reaction 

contained major and minor bands (see lane 4), the minor band was preferentially bound 
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by the cellular CDK2 or cyclin D1 (lanes 1 and 2). As mentioned earlier, the minor band 

was likely the truncated version of recombinant p21 at C-terminal.  .  

 

3.3 The use of recombinant human p21 (Waf1/Cip1) protein to identify its interacting proteins 

in mammalian cells     

The results described above suggest that the recombinant human p21 protein seemed to 

be suitable for exploring the p21 interacting proteins. Since we have found, in our 

previous study that UV irradiation fails to induce p21 in CHO-K1 cells and the absence 

of p21 plays a critical role in the UV-induced apoptosis, we suspected that the p21 target 

proteins but not bound by the p21 due to the absence of p21 might be crucial to the 

UV-induced apoptosis. Thus, we performed the immunoprecipitation assay with the 

recombinant p21 and the cell lysates prepared from the UV-irradiated CHO-K1 cells to 

search for the proteins.  Typical results were shown in Fig 4, where the proteins 

co-precipitated with p21 were separated by SDS-PAGE and revealed by the silver 

staining. By comparing the patterns between lanes 4 and 5-7 (Fig 4), we could see many 

specific bands presumably the proteins interacting directly or indirectly with the 

recombinant p21. For identification, we arbitrarily divided these proteins into 3 groups 

(see the vertical lines between lanes 7 and 8). Although some of these proteins seemed to 

be present in the cells even those without UV treatment, some distinctive proteins among 

the groups were only seen in UV-irradiated cells, especially at later hours after irradiation 

(lane 7). We estimated total about 20 proteins were recognized by the recombinant p21 in 

cells at this condition.  
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Several p21 (Waf1/Cip1) interaction proteins were undergone the identification 

procedures with MALDI TOF MS. One of these proteins (encircled by block, Fig 5) has 

been undergone all the preparative procedures including the in-gel digestion and mass 

spectrometry before further analyzed by the Bio Tools program (from BRUKER 

DALTONIOS) according to the rat database of NCBI reference and was shown to be very 

similar to rat PCNA (Fig 5). Though the score was not high, it may be due to variation 

between rat and hamster PCNA. At the moment, database of hamster proteins remains 

incomplete. 

 

4. Discussion  

The general CDK inhibitor, p21(Waf1/Cip1) has been known for its role in cell cycle 

arrest for repairing the genomic damages. Although CDK and PCNA are well known 

targets of p21, other cellular proteins might also interact directly or indirectly with p21 to 

modulate the cell cycle arrest, DNA repair, cell death or others such as cell differentiation. 

In this study, we have tried to explore these novel p21 interacting proteins by using the 

recombinant protein of p21 obtained from bacterial and the cell lysate from Chinese 

hamster ovary cells (CHO-K1) which are p21 deficient even under UV irradiation. 

Although in this report, we did not identify novel p21 target protein, we showed the 

evidence that the system we used had great potential in identifying these target proteins. 

Although we found the recombinant p21 proteins expressed in E. coli with pET 

expressing vectors were in inclusion bodies, we have adopted a denature-refolding 

scheme described previously by one of the authors and have obtained in good quantities 

the soluble recombinant p21 protein. The method of denature-refolding scheme has been 
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successfully applied to a number of studies with a variety of system including mammals 

[22-24 ]. Although we are not sure how similar this refolded protein was similar to the 

native protein, the refolded protein appeared to posses the binding activities expected for 

native protein.  We also noted that there were two forms of the recombinant p21 

produced in the bacteria. One was the full-length p21, the other, we reckoned, as the 

C-terminal truncated version of p21. At this moment, we do not have a sound theory to 

interpret the genesis of the truncated p21 protein, nor do we know where exactly the 

truncation took place, nevertheless, we found this truncated p21 was preferentially 

recognized by CDK2 or cyclin D1 (bottom, Fig 3C). This preferential binding may be 

due to the absence of C-terminal, which hindered the binding of PCNA and yet facilitated 

the access of CDK2 or cyclin D1, which bind to the p21 at the N-terminal. This 

explanation is consistent with the observation that PCNA only bound with the full-length 

p21 but not the C-terminal truncated protein (bottom, Fig 3B). The PCNA binding 

domain is located at C-terminal of p21. These observations gave us a lesson to explore 

the novel p21 target proteins in a more effective way. Since one of the most common 

obstacles of identifying novel proteins by MALDI TOF MS method is the problem to 

collect enough protein for analysis, one could enrich the proteins of interest by 

immunodepletion or other suitable methods to reduce PCNA or CDK to avoid the 

competition of p21 (bat) by these abundant targets.  

It is also worth mentioning the CHO-K1 cells we used for the source of cell lysate in 

immunoprecipitation (IP). As we mentioned earlier, this cell line does not express p21 

when the cell is UV-irradiated. For doing IP with the recombinant p21, the endogenous 

p21 is undesirable. Thus, the cell lysate from this hamster cell line is superior as the 
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endogenous p21 is concerned. The only drawback is the current deficiency of hamster 

protein database as compared to others such as human, mouse or rat. This was illustrated 

by our experience: one of the hamster proteins picked by the recombinant p21 protein 

was identified by MALDI TOF MS to be similar to rat PCNA; although PCNA was listed 

to be the most likely candidate, the score similar to rat PCNA was not impressive. We 

reckon that the deficiency of hamster protein database may be improved as more studies 

involve the hamster cells. Nonetheless, we found in our experiment that a great numbers 

of proteins in the UV-irradiated or non-irradiated hamster cells were picked by the 

recombinant p21. There are about 20 different proteins recognized by p21 in cells 15 h 

after UV radiation. About 50% of UV-irradiated cells enter apoptosis at 24 h following 

UV. Thus, potentially these proteins are involved in determining the cell survival or death 

in either direct or indirect interaction with p21. 

In summary, we have found that the refolded, recombinant human p21 protein 

expressed in E. coli, seems to be suitable for proteomic search for the cellular novel p21 

interacting proteins by immunoprecipitation method with lysate obtained from p21 

deficient cells such as Chinese hamster ovary (CHO-K1) cells. 

      

Acknowledgement 

This work was supported by grants from the National Science Council of Taiwan 

(NSC 92-2311-B-007-013) and National Research Program for Genomic 

Medicine project (NSC 92-3112-B-007-004). We thank Dr. David Beach (Cold 

Spring Harbor) for providing us the human p21 cDNA plasmid. We also thank the 



 14

assistance provided by the Proteomic Core facility in Chang Gung University 

(Tao-yuan, Taiwan) for identifying the p21 associated proteins. 

 

References: 

[1]D.O. Morgan, Principles of CDK regulation, Nature 374 (1995) 131-4. 

[2]H. Zhang, Y. Xiong and D. Beach, Proliferating cell nuclear antigen and p21 are 

components of multiple cell cycle kinase complexes, Mol Biol Cell 4 (1993) 

897-906. 

[3]S. Waga, G.J. Hannon, D. Beach and B. Stillman, The p21 inhibitor of 

cyclin-dependent kinases controls DNA replication by interaction with PCNA, 

Nature 369 (1994) 574-8. 

[4]J. Chen, P.K. Jackson, M.W. Kirschner and A. Dutta, Separate domains of p21 

involved in the inhibition of Cdk kinase and PCNA, Nature 374 (1995) 386-8. 

[5]F. Goubin and B. Ducommun, Identification of binding domains on the p21Cip1 

cyclin-dependent kinase inhibitor, Oncogene 10 (1995) 2281-7. 

[6]Y. Luo, J. Hurwitz and J. Massague, Cell-cycle inhibition by independent CDK and 

PCNA binding domains in p21Cip1, Nature 375 (1995) 159-61. 

[7]M. Nakanishi, R.S. Robetorye, O.M. Pereira-Smith and J.R. Smith, The C-terminal 

region of p21 SDI1/WAF1/CIP1 is involved in proliferating cell nuclear antigen 

binding but does not appear to be required for growth inhibition, J Biol Chem 270 

(1995) 17060-3. 

[8]R. Fotedar, P. Fitzgerald, T. Rousselle, D. Cannella, M. Doree, H. Messier and A. 



 15

Fotedar, p21 contains independent binding sites for cyclin and cdk2: both sites are 

required to inhibit cdk2 kinase activity, Oncogene 12 (1996) 2155-64. 

[9]R. Fotedar, M. Bendjennat and A. Fotedar, Role of p21WAF1 in the cellular response 

to UV.Cell Cycle, Cell Cycle 3 (2004) 134-7. 

[10]A. Suzuki, Y. Tsutomi, K. Akahane, T. Araki and M. Miura, Resistance to 

Fas-mediated apoptosis: activation of caspase 3 is regulated by cell cycle 

regulator p21WAF1 and IAP gene family ILP, Oncogene 17 (1998) 931-9. 

[11]K. Mitsui, A. Matsumoto, S. Ohtsuka, M. Ohtsubo and A. Yoshimura, Cloning and 

characterization of a novel p21(Cip1/Waf1)-interacting zinc finger protein, ciz1, 

Biochem Biophys Res Commun 264 (1999) 457-64. 

[12]O. Coqueret and H. Gascan, Functional interaction of STAT3 transcription factor 

with the cell cycle inhibitor p21WAF1/CIP1/SDI1, J Biol Chem 275 (2000) 

18794-800. 

[13]H. Kitaura, M. Shinshi, Y. Uchikoshi, T. Ono, S.M. Iguchi-Ariga and H. Ariga, 

Reciprocal regulation via protein-protein interaction between c-Myc and 

p21(cip1/waf1/sdi1) in DNA replication and transcription, J Biol Chem 275 (2000) 

10477-83. 

[14]H. Tanaka, T. Yamashita, M. Asada, S. Mizutani, H. Yoshikawa and M. Tohyama, 

Cytoplasmic p21(Cip1/WAF1) regulates neurite remodeling by inhibiting 

Rho-kinase activity, J Cell Biol 158 (2002) 321-9. 

[15]R.W. Kriwacki, L. Hengst, L. Tennant, S.I. Reed and P.E. Wright, Structural studies 

of p21Waf1/Cip1/Sdi1 in the free and Cdk2-bound state:conformational disorder 

mediates binding diversity, Proc Natl Acad Sci U S A 93 (1996) 11504-9. 



 16

[16]Y. Xiong, G.J. Hannon, H. Zhang, D. Casso, R. Kobayashi and D. Beach, p21 is a 

universal inhibitor of cyclin kinases, Nature 366 (1993) 701-4. 

[17]C.C. Chang, C.T. Tsai and C.Y. Chang, Structural restoration of inactive recombinant 

fish growth hormones by chemical chaperonin and solvent restraint approaches, 

Protein Eng 15 (2002) 437-41. 

[18]C.C. Chang, X.C. Yeh, H.T. Lee, P.Y. Lin and L.S. Kan, Refolding of lysozyme by 

quasistatic and direct dilution reaction paths: a first-order-like state transition, 

Phys Rev E Stat Nonlin Soft Matter Phys 70 (2004) 011904. 

[19]P.S. Kedar, S.J. Kim, A. Robertson, E. Hou, R. Prasad, J.K. Horton and S.H. Wilson, 

Direct Interaction between Mammalian DNA Polymerase β and Proliferating 

Cell Nuclear Antigen, J Biol Chem 277 (2002) 31115-23. 

[20]B.S. Tzang, Y.C. Lai, M. Hsu, H.W. Chang, C.C. Chang, P.C. Huang and Y.C. Liu, 

Function and sequence analyses of tumor suppressor gene p53 of CHO.K1 cells, 

DNA Cell Biol 18 (1999) 315-21. 

[21]B.S. Tzang, Y.J. Chiang, H.C. Lan, C.B. Liao and Y.C. Liu, Tuning up or Down the 

UV-induced apoptosis in Chinese hamster ovary cells with cell cycle inhibitors, 

Photochem Photobiol 75 (2002) 662-7. 

[22]C.C. Chang, M.S. Cheng, Y.C. Su and L.S. Kan, A first-order-like state transition for 

recombinant protein folding, J Biomol Struct Dyn 21 (2003) 247-56. 

[23]Y.L. Liu, H.T. Lee, C.C. Chang and L.S. Kan, Reversible folding of cysteine-rich 

metallothionein by an overcritical reaction path, Biochem Biophys Res Commun 

306 (2003) 59-63. 

[24]C.C. Chang, Y.C. Su, M.S. Cheng and L.S. Kan, Protein folding by a quasi-static-like 



 17

process: a first-order state transition, Phys Rev E Stat Nonlin Soft Matter Phys 66 

(2002) 021903. 

 



 18

Figure legends 

Fig 1. Expression of the recombinant protein of human p21 (Waf1/Cip1). (A) SDS-PAGE 

analysis of the crude extracts from E. coli cells with pET-30a (lanes 1 and 2) or 

pET-30a-p21 plasmid (lanes 3 and 4). The recombinant protein of human p21 (marked 

with **) was induced with 2 mM IPTG. (bottom panel) Western blotting analysis of the 

recombinant protein of human p21 with anti-p21 antibody(Santa Cruz, sc-6264). (B) The 

recombinant protein of human p21 was expressed mainly as insoluble bodies in E coli. 

(top) Induction of the recombinant protein of p21 was done at 16 oC with 0.1 mM IPTG 

for 0, 3, 6, 9, 12 or 15 h, and the total cell lysates (lanes 2-7) or their soluble fractions 

(lanes 8-13) were examined for the presence of the recombinant protein. Lane M, protein 

marker. Lane 1, BSA. (bottom) Western blotting of recombinant p21. (C) Affinity 

column chromatography of the recombinant p21 with nickel column. The crude proteins 

were applied to the column and proteins eluted with imidazole of gradient concentrations 

after thorough wash. The proteins eluted at each fraction (1-17) of chromatography were 

reveal by SDS-PAGE and stained with commasie blue. It was noted the major band was 

co-purified with the major one. 

 

Fig 2. The circular dichroism spectroscopy of the refolded, recombinant p21. CD 

spectra in the UV region (260–200 nm) were recorded on a Jasco J 720C 

spectropolarimeter at 20 °C. A 0.1 cm-light-path cuvette was used to reduce the light 

scattering of the solution. Data are expressed in molar ellipticity (　)(deg cm2 dmol-1), 

calculated based on the mean residue weight 110.55 dalton for the recombinant 
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p21(Waf1/Cip1). The solvent contribution on CD was subtracted from each spectrum. The 

component secondary structures—i.e., α-helix, distorted α-helix, β-sheet, distorted 

β-sheet, turns, and unordered—were analyzed by the singular value decomposition 

algorithm provided by the SELCON3 program as described in [18]. 

 

Fig 3. (A) the p21 domain structure. (B) The recombinant p21 (Waf1/Cip1) could 

bind the recombinant PCNA. Top: about 1 µg of the recombinant p21 (Waf1/Cip1) 

was mixed with the different amount of the cell extracts, and the mixtures were 

incubated at 4oC for 1.5 h. The mixtures were IP with anti-p21 mAb, and the precipitates 

were analyzed by Western blotting with the anti-PCNA mAb. Lane 1, IP mixture 

contained 600 µg of cell extracts; lane 2, IP mixture contained 200 µg of cell extracts; 

lane 3, similar to lane 1 except the recombinant p21 was heat denatured at 100 oC for 15 

min; lane 4, similar to lane 1 except the anti-p21 mAb was omitted; lane 5, direct 

Western blotting of PCNA, with 50 µg of cell extracts. Bottom: The mixtures were IP 

with anti-PCNA mAb. And the precipitates were analyzed by Western blotting with the 

anti-p21mAb .Lane 1, the anti-PCNA mAB was added to the mixtures; lane 2, similar to 

lane 1 except the anti-PCNA mAb was omitted; lane 3, direct western blotting with 0.5 

µg of the recombinant p21. (C ) top: similar to that described in (B, top panel) except 

the immunoprecipitates were analyzed by Western blotting with the anti-CDK2 mAb 

(lane 1). Lane 2, the anti-p21 antibody was omitted; lane 3, direct Western blotting of 

CDK2. Bottom: similar to that described in (B, bottom panel) except the anti-CDK2 

(lane1), anti-cyclin D1(lane 2) or anti-actin (lane 3) was used first before western 



 20

blotting of p21. Lane 4: direct Western blotting of the recombinant p21. 

 

Fig 4. Proteins of CHO-K1 cells co-immunoprecipitated with the recombinant p21. 

The proteins co-precipitated with the recombinant p21 were separated by 

SDS-PAGE and revealed by silver staining. Lane 1, direct loading of an aliquot of 

cell lysate (about 5 µg ) from log-phased cells; lane 2, direct loading of anti-p21 

antibody (about 0.2 µg); lane 3, direct loading 1 µg recombinant p21; lane 4, IP 

assay, the mixture contained no cell lysate only recombinant p21 protein (1 

µg )and anti-p21 antibody (2 µg); lane 5, similar to lane 4 except the IP mixture 

contained 1 mg of cell lysate from log-phased cells; lane 6, similar to lane 5 

except the IP mixture contained 1 mg of cell lysate from UV-irradiated cells (8 h 

after 25 J/m2 UVC); lane 7, similar to lane 6 except the IP mixture contained 1 mg 

of cell lysate from UV-irradiated cells (15 h after 25 UV);. lane 8, similar to lane 5 

except anti-p21 antibody was omitted. The specific proteins co-precipitated with 

the recombinant p21 were marked with the vertical bars. The protein band 

encircled was identified to be PCNA by use of MALDI-TOF described in Fig 5. 
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Fig 5. Identification of the protein band encircled (Fig 4) by use of MALDI-TOF. The 

protein bands of interest were excised and undergone in gel digestion before analyzed 

with a Bruker ultraflex MALDI-TOF mass spectrometer (Bruker Daltonics) in positive 

ion mode. (A) MALDI-TOF spectra. (B) similarity search for the protein of interest 

according to rat database of NCBI.  
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Fig 3 
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Fig 5 
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