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Abstract 

Emerging evidences suggest that transcription-independent mechanism of p53 

appears to make an important contribution to the overall p53-dependent apoptosis. Recently, 

it has been postulated that the DNA-binding domain of p53 can interact with Bcl-Xl, and 

subsequently the proposed molecular interaction has been shown by NMR studies. 

Interestingly, Chipuk et al. [Cancer Cell 4 (2003) 371] reported that the N-terminal domain 

of p53 (p53NTD) alone is necessary and sufficient to induce transcription-independent 

apoptosis. To further define and understand the nature of the molecular recognition between 

p53 and Bcl-Xl, our current study focuses on p53NTD. We first demonstrated the molecular 

interaction between p53NTD and Bcl-Xl by co-expressing and purifying the complex. 

Second, to define the binding interface of the molecular interaction, which is not previously 

characterized, in the current we employed a NMR-based binding study, showing that the 



 

binding site on Bcl-Xl is located in the region including α4, the N- and C-termini of α3, the 

N-terminus of α5, and the central part of α2. To further probe this observation, we then 

performed fluorescence resonance energy transfer (FRET) assay in cells. The FRET 

efficiency detected between the donor and acceptor molecules appears to suggest the 

presence of molecular interaction of p53NTD with Bcl-Xl in cells. Taken together, our data 

suggest that p53NTD interacts with Bcl-Xl but the characteristic of the molecular interaction 

appears to be different from that of the DNA-binding domain of  p53. 
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p53 is one of most important tumor suppressor proteins [1]. The loss of p53 function 

has been associated with human cancers, indicating that p53 plays a key role in the anti-cancer 

pathway [2]. p53 is a transcriptional factor and exerts most of its tumor suppressor activities as 

a transcriptional factor on the regulation of cell cycle arrest, senescence, differentiation, and 

apoptosis [3–5]. While transcription-dependent mechanism of p53 on the induction of 

apoptosis has been well established, recent evidences demonstrated that the p53-dependent 

apoptosis is also observed in a transcription-independent manner [6–9]; In cell-free models, 

p53 can induce caspase-3 activity or cytochrome c release [10,11]. It has been shown that p53, 

in response to oncogenic stress inducers, can localize to the mitochondria and induce 

apoptotic cell death, without exerting a transcriptional activity [12–14]. 

Bcl-2 family proteins are central in the mitochondria-mediated apoptosis [15]. It 

has been shown that p53 can directly bind Bcl-2 and Bcl-Xl, and consequently inhibit their 

anti-apoptotic activities [16], suggesting that the function of cytoplasmic p53 is 



 

transcription-independent. Recently, it has been postulated by molecular modeling that the 

DNA-binding domain of p53 could interact with Bcl-Xl [16], and subsequently, its 

molecular interaction with Bcl-Xl was shown through a NMR-binding study [17]. 

However, interestingly, the results from Chipuk et al. [18] demonstrated that the amino 

terminus of p53 (p53NTD) spanning M1-T102 is necessary and sufficient to induce 

transcription-independent apoptosis. The p53NTD contains the transcription activation 

domain (TAD) and a proline-rich region [19,20]. The TAD works as a transcription factor 

to regulate specific gene expression [19]. The Mdm2-binding site is located in this domain 

[21,22]. The proline-rich domain was shown to contribute to its apoptosis activity [20]. The 

flexible and disordered nature of this domain also has been reported [23,24]. Apparently, the 

N-terminal domain of the tumor suppressor p53 exerts a dynamic regulatory mechanism and 

the binding characteristics observed between p53 and other regulatory molecules including 

the anti-apoptotic molecule Bcl-Xl remain to be further understood. Thus, in our study, to 

better define the role of the cytoplasmic p53 and further understand transcription-independent 

mechanism of p53, here we focused on the study on p53NTD and investigated its molecular 

interaction with Bcl-Xl.         

Materials and methods 

Materials. Antibodies against Bcl-Xl (S-18) and p53 (FL-393) were purchased from 

Santa Cruz Biotech (Santa Cruz, CA, USA). Ni
2+

–NTA resin was from Qiagen (Hilden, 

Germany). Isopropyl-thio-β- -galactopyranoside (IPTG) was from Promega (Madison, WI, 

USA). HiPrep 26/ 60 gel Sephacryl S-200 gel filtration column was from Amersham Biosci-

ences (Buckinghamshire, UK). Cell lines were from American Type Culture Collection 

(ATCC) (Manassas, VA). RPMI medium 1640 was from Invitrogen (Carlsbad, CA). 
15

N-



 

NH4Cl was from Cambridge Isotope Laboratories (MA, USA). All the other chemicals were 

obtained from Sigma (St. Louis, MO). 

Protein expression and purification. Bcl-Xl lacking the transmembrane domain (Bcl-

XlΔTM) and uniformly 
15

N-labeled Bcl-XlΔTMΔ(M45- A84), in which the residues from 

M45 to A84 were deleted, expressed, and purified using the protocol as previously described 

[25]. p53NTD (1–102) was amplified from pBabePuro.p53ERTAM plasmid (a gift from 

Professor Gerald I. Evan, U. of California San Francisco, USA) by polymerase chain reaction 

and inserted into pET-16b expression plasmid (Novagen) to generate pET16b-p53NTD 

plasmid. p53NTD was expressed either on LB media or M9 media containing 
15

NH4Cl (for 

uniformly 
15

N-labeled p53NTD). After the A600 reached 0.8, the protein was induced by IPTG 

for 3 h at 25 °C. Then, proteins were purified using Ni
2+

–NTA affinity column and Sephacryl 

S-200 gel filtration column chromatography. All the proteins were stored at 4 °C before use. 

Tissue culture and transfection. NCI-H1299, p53-deficient cells, were cultured at 37 

°C under 10% CO2 in RPMI1640 supplemented with 10% FBS, 100 μg/ml penicillin–

streptomycin (Invitrogen). Transfections of 1 μg of the appropriate plasmids into log-phase 

growth NCI-H1299 cells were carried out using Lipofectamine 2000 reagents according to 

the manufacturer’s protocol (Invitrogen). Overnight cell cultures were then fixed in 3.7% 

paraformaldehyde for 20 min and mounted on slides. Slowfade antifade kit was used as a 

mounting solution (Molecular Probes). 

NMR-binding assay. All NMR data were acquired at 298 K on either a Bruker 

Avance AV700 or Avance AV600 spectrometer, equipped with a cryoprobe accessory. 

Uniformly 
15

N-labeled Bcl-XlΔ TMΔ(M45-A84) sample contained 0.5 mM protein in 

90% H2O/10% D2O in 20 mM phosphate, pH 6.5, 50 mM NaCl, 1 mM DTT, and 0.01% 



 

NaN3. Chemical shift perturbations to Bcl-Xl were monitored with 
15

N-heteronuclear 

single quantum correlation spectroscopy (HSQC) upon the addition of different amounts of 

p53NTD. Uniformly 
15

N-labeled p53NTD sample contained 0.25 mM protein in the same 

buffer. Chemical shift perturbations to p53NTD were monitored with 
15

N HSQC upon 

addition of 0.375 mM Bcl-Xl. NMR data were processed and analyzed on Linux 

workstations using Bruker Topspin software and NMRview5.2 [26]. 

Western blotting. Proteins were separated on 12% SDS–PAGE and transferred to 

polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was first blocked with 

5% milk in TBS buffer (20 mM Tris–HCl, pH 8.0, 150 mM NaCl) and then incubated with 

primary antibody in TBS buffer containing 0.2% milk for 2 h at 37 °C. The 

immunoreactivity was detected using Immune-Star Chemiluminescent protein detection 

system (Bio-Rad Laboratories). 

Co-expression of p53NTD and Bcl-Xl in Escherichia coli. Bcl-Xl and p53NTD were 

constructed into the dual promoter plasmid pETDuet (Novagen). The pETDuet-

p53NTD/Bcl-X plasmid was transformed into E. coli BL21(DE3). The proteins were 

induced and purified as described [27]. The protein fractions were then analyzed by SDS–

PAGE followed by Western blot. 

Fluorescence resonance energy transfer assay. A Zeiss LSM510 META confocal 

microscope was employed for fluorescence resonance energy transfer (FRET) analysis using 

the acceptor photobleaching method as described [28,29] with minor modifications. Five 

images were collected consecutively at 0.15% of the laser intensity in CFP and YFP 

channels before and after bleaching of YFP by scanning 150 times at 75% laser intensity. An 

unbleached cell in the same field was used as a background control to determine CFP 



 

fluctuations during FRET analysis. Fluorescence intensity was measured in the region where 

p53NTD and Bcl-Xl co-localized. FRET efficiency was calculated as EF = (I6 - I5) x 100/I6 

[29]. I5 and I6 represent the CFP fluorescence intensities of the fifth and sixth images 

immediately before and after photobleaching of YFP. The experiment was repeated three 

times and each set of FRET or control experiments consists of at least 10 cells. The FRET 

efficiency is presented as the mean percentage of increase in fluorescence intensity with 

standard deviation. 

Results 

Expression and purification the N-terminal domain of p53 

p53 contains three functional domains: the N-terminal domain in which the TAD 

and proline-rich domains are located, the central DNA-binding domain, and the C-ter-

minal oligomerization domain (Fig. 1A). In the current study, p53NTD (1–102) was 

expressed in E. coli cells and purified by Ni
2+

–NTA affinity column and subsequently 

further purified by Sephacryl S-200 gel filtration column chromatography. As shown in 

Fig. 1B, we were able to purify p53NTD to near homogeneity after the gel filtration. The 

purified p53NTD was confirmed by Western blot analysis (Fig. 1B, lane 7). The 

calculated molecular weight of p53NTD is about 14 kDa, however, on a SDS–PAGE gel, 

it migrates around at 21 kDa, suggesting that the domain might not be structurally rigid. 

We then performed 2D NMR 
1
H–

15
N single quantum correlation spectroscopy (HSQC) to 

monitor the amide 
1
H and 

15
N chemical shifts of uniformly 

15
N-labeled p53NTD. Our data 

show that the amide proton chemical shifts are poorly resolved, indicating that the 

purified p53NTD is disordered (Fig. 1C). Taken together, our data suggest that p53NTD 



 

produced in E. coli cells is structurally flexible and intrinsically disordered. Our results 

are consistent with previous observations which showed the disordered nature of p53NTD 

[24]. 

p53NTD forms a complex with Bcl-Xl 

To probe specific molecular interaction between p53NTD and Bcl-Xl, the two 

proteins were co-expressed in E. coli BL21 (DE3) cells, purified by Ni
2+

–NTA affinity resin 

(Fig. 2A), and confirmed by Western blot using anti-p53 and anti-Bcl-Xl antibodies (Fig. 

2B). Since p53NTD contains the N-terminal His-tag, while Bcl-Xl has no his-tag, Bcl-Xl 

can only be purified on a Ni
2+

– NTA affinity resin through the complex formation with 

p53NTD. The Western blot results confirmed that the two eluted bands as indicated by the 

arrows from the affinity column were p53NTD and Bcl-Xl, respectively (Fig. 2B). Our 

data suggest that p53NTD interacts with Bcl-Xl when they are co-expressed in bacterial 

cells. 

Identification of molecular interaction between p53NTD and Bcl-Xl by a NMR-based 

binding assay 

Identification of the interaction between p53NTD and Bcl-Xl using the co-expression 

approach prompted us to further check their physical interaction in vitro. Here, we employed 

a NMR-based binding study using uniformly 
15

N-labeled Bcl-Xl. The perturbations of 

chemical shifts in 2D 
1
H–

15
N HSQC experiments were monitored before and after the 

addition of p53NTD. Our NMR results demonstrate that overall the spectrum of 2D 
1
H–

15
N 

HSQC upon the addition of p53NTD remains nearly unchanged except a few residues, 

indicating that no major conformational change in Bcl-Xl is induced (Fig. 3A). A section 



 

of 
15

N HSQC spectrum of Bcl-Xl demonstrating its binding is shown enlarged (Fig. 3B). 

The enlarged section shows that the chemical shifts of L112 and E129 are specifically 

perturbed in the presence of p53NTD. Additional residues showing the chemical shift 

perturbations are summarized in Fig. 4A. The residues affected are located in the region 

including α4, the N- and C-termini of α3, the N-terminus of α5, and the central part of α2. 

While the majority of the perturbed residues are not located in the hydrophobic groove 

formed by BH1, BH2, and BH3 regions, L90 and G94 from BH3 region and L112 from α3 

are seen to be localized in the groove (Figs. 4A and B). In addition, the molecular interaction 

between p53NTD and Bcl-Xl was also studied by adding Bcl-Xl to a uniformly 
15

N-labeled 

p53NTD and subsequently monitoring the chemical shift changes in a 2D 
1
H–

15
N HSQC 

spectrum (Fig. 5). Our results demonstrate that changes and reductions in chemical shifts 

were observed upon the addition of Bcl-Xl, suggesting the specific molecular interaction 

between p53NTD and Bcl-Xl. Since no chemical shift assignments on p53NTD are 

available, we were not able to identify the residues in p53NTD which participate in the 

binding with Bcl-Xl. 

Molecular interaction between p53NTD and Bcl-Xl is validated by fluorescence resonance 

energy transfer 

To further confirm the molecular interaction between p53NTD and Bcl-Xl, 

fluorescence resonance energy transfer (FRET) assay was performed in NCI-H1299 cells. 

For the detection of FRET between the proteins, here, we used yellow fluorescent protein 

(YFP)-fused p53 (YFP-p53NTD) as acceptor molecule and cyan fluorescent protein (CFP)-

fused Bcl-Xl (CFP-Bcl-Xl) as donor molecule. The amount of FRET was calculated as a 

percentage increase in the donor (CFP) fluorescence intensity after photobleaching the 



 

acceptor (YFP) in a small part of the cell as seen in Fig. 6A. When the YFP acceptor 

fluorophore was at least 85% selectively bleached, an increase in fluorescence signal in the 

donor CFP in the region of interest was observed, indicating the occurrence of FRET. The 

increase in CFP fluorescence intensity in the bleached region (Fig. 6A, black dashed box) 

was compared to the CFP fluctuation in the unbleached (control) region (Fig. 6A, white 

dashed box). From the data, the FRET efficiency for the bleached and unbleached samples 

was 5.11% and 0.54%, respectively (Fig. 6B). Taken together, our FRET data suggest that 

the FRET is seen between the donor CFP-Bcl-Xl and acceptor YFP-p53NTD, and this 

appears to be attributed to the molecular interaction between p53NTD and Bcl-Xl in NCI-

H1299 cells. 

Discussion 

Transcription-dependent regulatory mechanism of tumor suppressor p53 has been 

extensively studied and well defined. However, the biological significance and mechanism 

of transcription-independent regulation of p53 are less well understood. Previously, it was 

shown that the cytoplasmic p53 can directly interact with Bcl-Xl at the mitochondrial 

membrane and induce apoptosis [16]. The DNA-binding domain and Bcl-Xl binding have 

been proposed by molecular modeling and subsequently its binding interface was checked 

by NMR studies [16,17]. Interestingly, it has been also demonstrated that the N-terminal 

domain of p53 (p53NTD) including transactivation domain and proline-rich region is 

necessary and sufficient for the induction of p53-mediated apoptosis [18]. In this study, we 

focused our study on the molecular interaction between the N-terminal domain of p53 and 

Bcl-Xl. p53NTD is shown to be structurally disordered in its native state [24]. p53NTD 

appears to play an important role in the p53-mediated apoptotic regulation; the regulation 



 

by MDM2 binding and subsequent degradation is well defined [21,22] and the regulation by 

phosphorylation in p53NTD was also demonstrated [30], and the proline-rich region was 

shown to bind to SH3 domain [31]. In our study, we expressed p53NTD (1–102) in E. coli 

cells and purified it for biochemical and structural analysis. The p53NTD appears to be 

stable during and after purification, and from our co-expression study we demonstrated that 

the p53NTD binds to Bcl-Xl. Our NMR-based binding study led to define the binding 

interface between p53NTD (1–102) and Bcl-Xl. From our 2D 
1
H–

15
N HSQC experiments 

of 
15

N-labeled Bcl-Xl, the mapping of the perturbed residues on Bcl-Xl shows that the 

affected residues are located in the region including  4, the N- and C-termini of α3, the N-

terminus of α5, and the central part of α2. Our results indicate that the majority of the 

affected residues are not localized in the hydrophobic pocket contributed by BH1, BH2, and 

BH3 regions. A few residues including L90 and G94 from BH3 region and L112 from α3 

are noticed to be localized in the hydrophobic groove (Fig. 4). Previously it was shown that 

the DNA-binding domain of p53 interacts with Bcl-Xl [16]. In that study, the p53-binding 

site on Bcl-Xl appears to consist of the C-terminus of α1, the loop between α3 and α4, and 

the loop between α5 and α6. Based upon these observations, the molecular basis for the 

interaction between the p53NTD and Bcl-Xl appears to be different from that between the 

DNA-binding domain of p53 and Bcl-Xl. We also investigated the Bcl-Xl-binding site on 

p53NTD(1–102) by adding Bcl-Xl to a uniformly 
15

N-labeled p53NTD and subsequently 

monitoring the chemical shift changes in a 2D 
1
H–

15
N HSQC spectrum (Fig. 5). The 

perturbations in the chemical shifts of 
15

N-labeled p53NTD sample were observed upon the 

addition of Bcl-Xl (Fig. 5), indicating a specific molecular interaction between p53NTD and 

Bcl-Xl. But owing to the lack of the chemical shift assignments on p53NTD, the 



 

identification of Bcl-Xl-binding site on the p53NTD remains to be defined. The molecular 

interaction of the N-terminal domain of tumor suppressor p53 with Bcl-Xl appears to be 

important in the function of p53. While the biological significance of the newly discovered 

molecular interaction remains to be further studied, our data presented here would provide 

additional information on transcription-independent mechanism of p53-mediated apoptotic 

regulation in connection with Bcl-Xl. 
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List of Figures 

 

Fig. 1 p53NTD protein purification and identification. (A) Full-length wild type p53 

gene map. NTD, N-terminal domain; TAD, transcription-activation domain; 

PD, proline-rich domain; DBD, DNA-binding domain; TD, tetramerization 

domain; CTRD, C-terminal regulation domain. NTD contains transcription 

domain and proline-rich domain. (B) Expression and purification of p53NTD. 

Lanes 2–4, p53NTD expression in E. coli. Lanes 5 and 6, purified p53NTD 

from Ni–NTA column and S-200 gel-filtration column. Lane 7, Western blot 

with p53 antibody. (C) 
15

N-labeled p53NTD was monitored on a 2D 
1
H–

15
N 

HSQC. 

Fig. 2 Molecular interaction between p53NTD and Bcl-Xl. (A) The p53NTD with 

His-tag and Bcl-Xl without tag were co-expressed in E. coli BL21(DE3), 

purified by Ni
2+

–NTA affinity resin, and analyzed in 12.5% SDS–PAGE. Lane 

1, MW markers; lanes 2 and 3, before and after IPTG induction; lanes 4 and 5, 

loading sample and eluted fraction of Ni
2+

–NTA affinity column. (B) The 

loading sample (L) and eluted fraction (E) from Ni
2+

–NTA affinity column 

were analyzed by Western blot with antibodies to p53 and Bcl-Xl. 

Fig. 3  Bcl-Xl interacts with p53NTD in a NMR-based assay. (A) 
15

N-labeled Bcl-Xl 

was monitored on a 2D 
1
H–

15
N HSQC upon the addition of unlabeled p53NTD. 

Spectrum of Bcl-Xl alone is presented in red color. Spectrum of Bcl-Xl with the 



 

addition of p53NTD is presented in blue. Concentration of 
15

N-labeled Bcl-Xl 

was 0.5 mM. Concentrations of 
15

N-labeled Bcl-Xl and p53NTD were 0.5 and 

0.25 mM, respectively. (B) Section of a 
15

N HSQC NMR titration spectrum. 

Amino acid L112 and E129 chemical shifts were changed upon the addition of 

increasing amount of p53NTD from 0 to 0.75 mM as displayed. V86, K87, L99, 

E129, L178, and T190 do not show chemical shift changes. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this paper.) 

 

Fig. 4  Mapping of p53NTD-Bcl-Xl interaction on Bcl-Xl. (A) Ribbon representation 

of Bcl-Xl. Amino acids perturbed upon the addition of p53NTD are shown in 

green. (B) Ribbon representation of Bcl-Xl (PDB1BXL). BH1, BH2, and BH3 

regions are shown in pink. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this paper.) 

 

Fig. 5 2D 
1
H–

15
N HSQC spectrum recorded on 

15
N-labeled p53NTD in the absence (in 

red) and presence (in black) of unlabeled Bcl-Xl. Concentrations of 
15

N-labeled 

p53NTD and Bcl-Xl were 0.25 and 0.375 mM, respectively. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this paper.) 

 

Fig. 6  Molecular interaction between p53 NTD and Bcl-Xl in a FRET assay. (A) 

FRET was used to illustrate the existence of the binding between p53NTD and 



 

Bcl-Xl. NCI-H1299 cells co-expressing p53NTD-YFP and Bcl-Xl-CFP were 

cultured at 37 °C for 16–18 h before FRET assay. Images of NCI-H1299 cells 

in CFP and YFP channels before and after acceptor photobleaching are shown. 

The bleached region was outlined by black dashed square box, whereas white 

dashed box indicates the unbleached (control) region. (B) Histogram shows 

quantification of FRET. The increase in CFP fluorescence intensity in bleached 

(black columns) and control unbleached (white columns) cells. The data 

represent the average of three experiments. 
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