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Prokaryotic expression of a novel mouse
pro-apoptosis protein PNAS-4 and
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Mouse PNAS-4 (mPNAS-4) has 96% identity with human PNAS-4 (hPNAS-4) in primary sequence and has been reported to be
involved in the apoptotic response to DNA damage. However, there have been no studies reported of the biological functions of
mPNAS-4. In studies conducted by our group (unpublished data), it was interesting to note that overexpression of mMPNAS-4
promoted apoptotic death in Lewis lung carcinoma cells (LL2) and colon carcinoma cells (CT26) of mice both in vitro and in vivo.
In our studies, mMPNAS-4 was cloned into the pGEX-6P-1 vector with GST tag at N-terminal in Escherichia coli strain BL21(DE3).
The soluble and insoluble expression of recombinant protein mMPNAS-4 (rmPNAS-4) was temperature-dependent. The majority
of rmPNAS-4 was insoluble at 37°C, while it was almost exclusively expressed in soluble form at 20°C. The soluble rmPNAS-
4 was purified by one-step affinity purification, using a glutathione Sepharose 4B column. The rmPNAS-4 protein was further
identified by electrospray ionization-mass spectrometry analysis. The search parameters of the parent and fragment mass error
tolerance were set at 0.1 and 0.05 kDa, respectively, and the sequence coverage of search result was 28%. The purified
rmPNAS-4 was further used as immunogen to raise polyclonal antibodies in New Zealand white rabbit, which were suitable to
detect both the recombinant and the endogenous mPNAS-4 in mouse brain tissue and LL2 cells after immunoblotting and/or
immunostaining. The purified rmPNAS-4 and our prepared anti-mPNAS-4 polyclonal antibodies may provide useful tools for
future biological function studies for mPNAS.
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Introduction

Apoptosis, programmed cell death, is a genetically
regulated, morphologically distinct form of cell death. Apop-
totic cells can be recognized by morphology such as
smaller nuclei and condensed chromatin, by characteristic
molecular features, and by some histochemical techniques
such as in situ end labeling. Apoptosis is currently believed
to be involved in a wide range of pathologic conditions,
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including neurodegenerative and cardiovascular diseases,
cancer, and autoimmune diseases. However, the mechan-
ism of apoptosis is not clearly understood and therefore it
is important to study genes involved in the regulation of this
event.

PNAS-4 is a novel apoptosis-related protein family
which is highly conserved from vertebrates to inverte-
brates. All PNAS-4 proteins contain a conserved DUF-862
domain. Recently, Filippov et al. (1) reported that human
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PNAS-4 (hPNAS-4) is a novel pro-apoptotic gene acti-
vated during the early response to DNA damage which is
thought to play a critical role in cellular function regarding
the maintenance of genomic integrity. James et al. (2)
reported that the transcript level of hPNAS-4 is greatly up-
regulated in glucocorticoid-treated human lens epithelial
cells (HLE B-3), indicating that hPNAS-4 may be involved
in perturbation of lens epithelial cell proliferation and differ-
entiation.

The mouse homolog gene (denoted mPNAS-4), lo-
cated in the 1H3 chromosomal region, encodes a 194-
amino acid residue protein and possesses 96% identity
with the hPNAS-4 protein. Consistent with the high se-
quence conservation, data obtained in studies by our
group (Zhang P, Wang CT, Yan F, Gou LT, Yuan Z, Tong
AP, unpublished results) also showed similarity in the
biological function between them. We observed that over-
expression of mMPNAS-4 can promote apoptotic death in
lung carcinoma cells (LL2) and colon carcinoma cells
(CT26) of Lewis mice both in vitro and in vivo, indicating
that mPNAS-4 could be used as a new target for effective
therapeutic intervention.

However, many of the properties of PNAS-4, such as
its biological activity, are not well understood. Therefore,
the expression and the preparation of recombinantmPNAS-
4 protein (rmPNAS-4) and its polyclonal antibody should
provide effective experimental tools for identifying its sub-
cellular localization, expression profile, the interacting pro-
teins, etc. This strategy of studying novel genes at the
protein level should facilitate further investigations and is
generally accepted worldwide (3-8).

In the present study, the full length mPNAS-4 (21 kDa)
fused with glutathione (GST) residues (47 kDa) was ex-
pressed in Escherichia coli BL21 (DE3) cells, and this
recombinant protein (rmPNAS-4) was purified by one-step
affinity purification on a glutathione Sepharose 4B column.
The fusion protein was identified by electrospray ioniza-
tion-mass spectrometry (ESI-MS) analysis and polyclonal
antibodies against rmPNAS-4 were prepared. Western
blot and immunohistochemistry analysis showed that the
polyclonal antibodies were suitable to detect the presence
of both the exogenous and endogenous mPNAS-4 effec-
tively.

Material and Methods

Total RNA isolation

Total RNA was extracted from 0.1 g mouse liver tissues
using a standard Trizol RNA isolation protocol (Invitrogen,
USA). Prior to use, RNA concentrations were quantified by
absorbance measurement, and RNA integrity was con-
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firmed by electrophoresis.

RT-PCR amplification of mPNAS-4 cDNA

The forward primer was 5-GCGGATCCATGGCCAA
CCAGCCCATCATC-3' and the reverse primer was 5'-
CCGCTCGAGCTATAGTTTTGTGTGGCGCCCAGG-3'.
Sequences of the forward and reverse oligonucleotides
contained BamHI and Xhol restriction sites (underlined),
respectively. The primer pairs were designed according to
the full-length cDNA sequence of the mPNAS-4 gene in
GenBank (GenBank accession #NM_024282) and used in
the reverse transcription-polymerase chain reaction (RT-
PCR) with a one-step RT-PCR kit (TaKaRa, Japan) ac-
cording to manufacturer instructions (Figure 1).

Plasmid construction and identification

The amplified mMPNAS-4 cDNA and expression vector
pGEX-6P-1 were digested with BamHI and Xhol, respec-
tively, and then ligated overnight at 16°C, followed by
transformation into competent E. coli XL1-Blue cells. The
positive clones were detected by digestion with BamHI and
Xhol (Figure 3) and confirmed by DNA sequencing.

Expression of the fusion protein

The expression plasmid pGEX-6P-1-mPNAS-4 was
used to transform competent E. coli BL21 (DE3) cells. The
bacterial cells were cultured in LB broth containing 100 pg/
mL ampicillin. When the absorbance at 600 nm reached
0.6, isopropyl-R-D-thiogalactopyranoside (IPTG) was
added to the culture at a final concentration of 1 mM for 16
h at 20°C to induce the expression of rmPNAS-4, and then
harvested. The cell pellets were resuspended in phos-
phate-buffered saline (PBS), pH 7.4, and sonicated for 90
s at 200 W on ice. The total lysate induced with IPTG was
then separated into soluble and insoluble fractions by
centrifugation at 800 g for 25 min at 4°C. The expression
and solubility of mMPNAS-4 were then analyzed in parallel
by 12% SDS-PAGE followed by staining with Coomassie
brilliant blue R-250 (Figure 4) at room temperature

Purification of the fusion proteins

The harvested cell pellets were resuspended in 30 mL
PBS and 1 mM phenylmethylsulfonyl fluoride was added to
the slurry and incubated on ice for 30 min. The cells were
then sonicated on ice for 40 min and 20% deoxycholic acid
was added to a final concentration of 2%. After mixing and
incubation at room temperature for 10 min, the lysate was
centrifuged at 800 g for 30 min at 4°C. The procedures for
rmPNAS-4 purification were carried out according to manu-
facturer instruction. Fractions were collected into 1.0-mL
tubes and analyzed by SDS-PAGE (Figure 4). The pres-
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ence of recombinant protein in the eluted fractions was
confirmed by Western blot using anti-GST monoclonal
antibody with horse radish peroxidase (HRP) conjugates
(Sigma, USA) as shown in Figure 5.

mPNAS-4 identification by mass spectrometry

The purified mMPNAS-4 proteins were separated by
12% SDS-PAGE. The mPNAS-4 band was excised, and
in-gel digestion of proteins was carried out using MS grade
Trypsin Gold according to manufacturer instructions. Mass
spectra were acquired with an ESI-Q-TOF MS. The MS/
MS data were acquired by the MassLynx software (Micro-
mass, Waters, USA) and converted to PKL files by the
ProteinLynx 2.2.5 software (Waters, USA). The pkl files
were analyzed using the MASCOT search engine
(www.matrixscience.com) (Figure 6).

Preparation of mPNAS-4 polyclonal antibodies and
specificity analysis

The purified rmPNAS-4 identified by mass spectrom-
etry was used as an immunogen to raise polyclonal anti-
bodies in New Zealand white rabbit according to reported
methods (9). Antibody titer was determined by ELISA. The
antiserum was tested by Western blot analysis using the
purified rmPNAS-4 and total proteins from mouse brain
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Figure 1. RT-PCR amplification of mPNAS-4 cDNA from the
total RNA of mouse liver tissues. M = DNA marker; lane 1 =
amplified mMPNAS-4 cDNA fragment.
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tissue. Protein concentration was determined by the meth-
od of Bradford (10). The protein samples were separated
by 12% SDS-PAGE and electrophoretically transferred
onto a polyvinylidene difluoride membrane. After blocking,
the polyvinylidene difluoride membranes were incubated
with antiserum at 1:4000 dilution for 1-2 h at room temper-
ature and then incubated in 1:5000 diluted goat anti-rabbit
1gG conjugated with HRP for 1 h. After washing three times
with Tris-buffered saline with Tween, the membrane was
developed using the enchanced chemiluminescence de-
tection kit (Amersham Biosciences, USA). Non-immunized
serum was used as the control (Figure 7A).

Cell immunohistochemistry

To determine whether the polyclonal antibodies were
suitable for recognition of the endogenous mPNAS-4 pro-
teins in cells, immunohistochemistry was performed in LL2
cells plated onto coverslips using the labeled streptavidin-
biotin method. The anti-mPNAS-4 polyclonal antiserum
was used as the primary antibody (1:1000) and the second
antibody was a biotinylated anti-rabbit IgG. The coverslips
were then stained with HRP-streptavidin reagents (Dako,
USA) and diaminobenzidine and brown staining was con-
sidered to be positive (Figure 7C). Non-immunized serum
was used as the control (Figure 7B).

Analysis of apoptosis of mPNAS-expressing LL2 cells

Apoptosis in transient mPNAS-4-expressing LL2 cells
was analyzed by Hoechst 33258 staining. LL2 cells were
seeded onto 6-well plates and, when reaching 70-80%
confluence, were transfected with enhanced green fluo-
rescent protein (EGFP)-N;-mPNAS-4 and EGFP-N, vec-
tor. One day later, GFP fluorescence was detected under
an inverted fluorescence microscope to evaluate the trans-
fection efficiency. Cells were then fixed, washed twice with
PBS and stained with Hoechst 33258 staining solution
according to instructions (Beyotime, China). Stained nu-
clei were detected under a fluorescence microscope (Fig-
ure 8).

Results and Discussion

Cloning mPNAS-4 cDNA

To obtain mPNAS-4 gene-specific cDNA fragments,
RT-PCR was performed with total RNA from mouse liver
tissues. We obtained a fragment of approximately 600 bp
in length, as shown in Figure 1, consistent with the ex-
pected size.

Homology between mPNAS-4 and hPNAS-4
The amino acid sequence of mMPNAS-4 possessed
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96% identity with hPNAS-4, suggesting that mPNAS-4
might exert effects similar to those of hPNAS-4 (Figure 2),
which has been reported to be a novel pro-apoptotic gene.
We found that overexpression of MPNAS-4 resulted in the
inhibition of proliferation and the promotion of apoptosis in
LL2 cells and CT26 cells in vivo and in vitro (Zhang P,
Wang CT, Yan F, Gou LT, Yuan Z, Tong AP, unpublished
data).

Identification of the recombinant plasmid pGEX-6P-1-
mPNAS-4

The purified PCR product was digested with BamHI/
Xhol and cloned into the pGEX-6P-1 vector treated with
the corresponding enzymes. The recombinant plasmid
pGEX-6P-1-mPNAS-4 was confirmed correctly by PCR,
by digestion with BamHI/Xhol (Figure 3) and DNA se-
quencing.

Expression of biologically active recombinant eukary-
otic proteins in bacteria is difficult to achieve due to im-
proper folding and poor solubility (11,12). The GST Gene
Fusion System is one of the four main prokaryotic expres-
sion systems available. As the good fusion partner protein,
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GST could produce correctly folded and soluble heterolo-
gous proteins in bacterial cytoplasm (13,14). Thus, we
selected pGEX-6P-1 containing the GST tag at the N-
terminus to express mPNAS-4.

mPNAS-4 expression

IPTG were added to the E. coli BL21 (DE3) cells at a
final concentration of 1 mM for 16 h at 20°C to induce the
expression of rmPNAS-4. SDS-PAGE analysis revealed
that the fusion protein with the GST tag at the N-terminal
was about 47 kDa (Figure 4, lanes 2 and 3), which was
consistent with the predicted molecular weight (containing
GST tag sequences) and was present almost exclusively
in soluble form (Figure 4, lane 3).

Temperature was one of the key factors for the induc-
tion of eukaryotic proteins in bacteria. Because of rapid
expression at high temperature, error folding usually oc-
curred and the induced protein was in the form of an
inclusion body. In our studies, we first induced the recom-
binant protein at 37°C and most of it was insoluble. To
obtain the soluble protein, we later changed the induction
temperature. Ultimately, we obtained satisfactory results

Figure 2. Sequence alignment

hFNAZ-4  MGAOQLVFLIVYDEYWMNEYTSSIGIGYFHIGIEVYGREFAYGCHPYPFIGITEISPGNA 60
wFNAS-4  MGANQLVYLNVYDEYWMUEYTSSIGIGYFHSGIEVYGREFAYGOHPYPFSGIFEISPGNA 60
hFNA%-4  SELGETFEFEEAYYLGSTDFLEDD IEKIVEEL GKEYKGNAYHLNHKNCNHFSSALSELLC 120
wPNAS-4  SELGETFEIKEAVVLGSTDFLEDD IEKIVEEL CEEVKGNAVHLNHINCNHFSSALSELILC 124
hPNAS-4  GKEIPRWIBRLAYFSECIPFLOSCLPEEWLTPAALQSSVSQELJDELEEAEDAAASASVA 184
wPNAS-4  GKEIPRNINRLATFSSCIPFLOSCLPEEWLTPAALOSSVSOELODELEEAEDAAASSANA 180
hPNAS-4  STAAGSRPGRHTEL 194

WFNAS -4

SARAGARTGRHIEL 193

Size (bp)
10000
8000
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of hPNAS-4 and mPNAS-4.
Identical residues in the two se-
quences are indicated by a dot,
conserved residues by a colon,
and similar residues by a star.
The alignment was done using
the CLUSTAL W software, ver-
sion 1.83.

Figure 3. Identification of pGEX-
6P-1-mPNAS-4 by PCR and
BamHI/Xhol digestion. M = DNA
marker; lane 1, plamid pGEX-
6P-1; lane 2, plasmid pGEX-6P-
1-mPNAS-4 digested with
BamHI/Xhol; lane 3, PCR prod-
uct with plasmid pGEX-6P-1-
mPNAS-4 as template.
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at 20°C which were useful for further study.

Purification of mPNAS-4

The rmPNAS-4 protein was purified by one-step affinity
purification using glutathione Sepharose 4B as described
in Refs. 15-17. The presence of recombinant protein in the
eluted fractions was confirmed by SDS-PAGE and West-
ern blot using an anti-GST monoclonal antibody with HRP
conjugates (Figure 5).

The PNAS-4 gene was first reported (1) at the 96th
Annual Meeting of AACR in 2005 by Filippov, who reported
that PNAS-4 might be involved in the apoptotic response to
DNA damage. James et al. (2) later reported that PNAS-4
may be acting by disturbing lens epithelial cell proliferation
and differentiation. Furthermore, Filippov et al. (1) reported
that hPNAS-4 was a novel pro-apoptotic gene able to
promote apoptosis in osteosarcoma U20S cells in vivo.
The mPNAS-4 protein possessed a high identity with the
hPNAS-4 protein, and therefore we believed that mPNAS-
4 could play an important role in cell proliferation and
differentiation as we had found in our studies. However,
the molecular mechanisms by which mPNAS-4 acted re-
main unknown. Therefore, with a better understanding of
mPNAS-4, the purified soluble fusion protein and the spe-
cific antibody could open up new possibilities in many
applications such as molecular immunology, the produc-
tion of vaccines and studies involving protein-protein and
DNA-protein interactions.

mPNAS-4 identification by ESI-MS analysis

The three representative peptide fragments in Figure 6
were unambiguously matched to the trypsin-digested ions
of mPNAS-4, indicating that our expressed and purified
protein rmPNAS-4 were completely correct.

One of the peptide fragments obtained by ESI-MS was
the DUF-862 domain with high conservatism in the PNAS-
4 protein family and having 100% identity with hPNAS-4.
These data indicated that the DUF-862 domain would be
involved in the biological function of the PNAS-4.

Production of polyclonal antibodies against the
recombinant protein and analysis of their specificity

The specificity of rabbit antiserum was determined by
Western blot analysis using purified rmPNAS-4 and
mPNAS-4 from mouse brain tissue as antigens. There
were two positive bands at positions of 21 and 47 kDa,
respectively (Figure 7A). However, non-immunized serum
was negative. Immunohistochemistry using the anti-
mPNAS-4 polyclonal antiserum in LL2 cells revealed strong
brown staining in the cytoplasm, excluding the nuclei (Fig-
ure 7C). However, the controls showed no staining in the
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cytoplasm (Figure 7B). These results indicate that our
rabbit antiserum specifically and effectively recognized
both exogenous recombinant mMPNAS-4 and endogenous
mPNAS-4 in tissues and cells.

Apoptosis induced by overexpression of mPNAS-4
To determine if mMPNAS-4 would promote apoptosis,
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Figure 4. Expression and identification of the recombinant pro-
tein. M = protein molecular weight markers; lane 1, Escherichia
coli BL21 (DE3)/pGEX-6P-1-mPNAS-4 whole cell proteins be-
fore induction; lane 2, E. coli BL21 (DE3)/pGEX-6P-1-mPNAS-4
whole cell proteins after induction; /ane 3, soluble fraction from
induced cell lysates; lane 4, insoluble fraction from induced cell
lysates.
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Figure 5. Purification of mMPNAS-4. M = protein molecular weight
markers. SDS-PAGE (12%) analysis of the crude extracts of
Escherichia coli BL21 before and after induction with 1 mM
isopropyl-R-D-thiogalactopyranoside at 20°C (lanes 1, 2) and
affinity chromatography-purified mPNAS-4 from the first to the
third tube of elution (lanes 3-5). Western blot analysis with an
anti-glutathione-tag mAb (lane 6).
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Figure 6. Electrospray ionization-mass spectrometry (ESI-MS) identification of tryptic peptides from the purified recombinant
mPNAS-4 protein. A, ESI-MS of mPNAS-4 showing 3 peptides (asterisks) that could be sequence. The search parameters of the
parent and fragment mass error tolerance were set at 0.1 and 0.05 kDa, respectively. B, An example of an MS/MS spectrum of the
parent ion 940.4525. C, Output of the database search by the MASCOT program using MS/MS data resulted in the identification of
mPNAS-4. The three peptide sequences of mMPNAS-4 are shown in bold and underlined.
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Figure 7. Western blot and immunostaining analysis of mMPNAS-4 expression using rabbit antiserum. A, Immunized serum (1:4000)
was used to detect the total protein from rmPNAS-4 (lane 1) and mPNAS-4 (lane 3). Non-immunized serum was used as control (lanes
2 and 4). Samples (100-300 ng) were loaded onto the gel. Horse radish peroxidase-conjugated goat anti-rabbit IgG (1:5000) and
enchanced chemiluminescence were used for color development. B, The immunohistochemistry assay of LL2 cells used the
antiserum (1:1000). Cell nuclei were identified by staining and observed under a microscope (200X). The polyclonal anti-mPNAS-4
antibodies can recognize the native mPNAS-4 protein in the cytoplasm (C), in agreement with the subcellular location of enhanced
green fluorescent protein-mPNAS-4. Brown staining (C) showed positive results, while hematoxylin staining showed the negative
results of the controls (B).
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Figure 8. Hoechst 33258 staining of LL2 cells transfected with mPNAS-4. After 24 h, LL2 cells treated with enhanced green
fluorescent protein (EGFP)-N1-mPNAS-4 and EGFP-N4 vector were stained with Hoechst 33258. Nuclei were visualized by
fluorescence microscopy (200X). A, Wild-type LL2 cells. B, LL2 cells transfected with EGFP-N1 vector. C, LL2 cells overexpressed
with mPNAS-4. The arrows indicate the presence of apoptotic nuclear profiles. The quantitative analysis of these results is shown in
D. The transfection efficiency of the two groups transfected with plasmid was about 70%, but apoptotic cells were much more
numerous in the experimental group.
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LL2 cells were stained with Hoechst 33258, 24 h after
transient transfection. More nuclei of LL2 cells transfected
with EGFP-N{-mPNAS-4 appeared to be hypercondensed
(brightly stained; Figure 8C) compared to control cells
(Figure 8A,B). Furthermore, GFP fluorescence showed
that about 70% of LL2 cells were transfected into both
groups treated with the plasmid. The quantitative analysis
of the transfection efficiency and apoptosis of cells from
the two groups is shown in Figure 8D. Recombinant eu-
karyotic proteins overexpressed in cells are likely to be
biologically active in their natural conformation. In our
previous studies (Yuan Z, Yan F, Zhang P, Wang CT, Gou
LT, Zhao XY, Wei YQ, unpublished results), mPNAS-4
was also transfected into murine fibroblast NIH3T3 cells,
but no obvious change was detected even after 72 h
compared to control. Therefore, the present results indi-
cate that the larger number of apoptotic cells found in the
experimental group can be attributed mostly to overex-
pression of mMPNAS-4.

Because of its 96% identity with hPNAS-4, mPNAS-4
was also thought to be involved in the process of apopto-
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