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Figure 9: Protein expression in NIH 3T3 cells transiently transfected with pBabe 
MN IRES GFP vector constructs. 

A) lmmunoblots of 20 Jlg of NP-40 lysates from NIH 3T3 cells transiently 
transfected with the pBabe MN IRES GFP vector, baxa, baxf3, baxa-118184, 
bc/-2, or bci-XL in the pBabe MN IRES GFP vector, or MCF-7 cell lysate that 
stably expresses exogenous Bci-XL were done with the indicated antibody. 
The positions of Baxa, Baxf3, Bcl-2, and migration are indicated 
(arrows). 

B) lmmunoblots of 20 Jlg of NP-40 lysates from NIH 3T3 cells transiently 
transfected with the pBabe MN IRES GFP vector, baxa, baxf3, baxa-118184, 
bc/-2, or bci-XL in the pBabe MN IRES GFP vector, or MCF-7 cell lysate that 
stably expresses exogenous Bel-XL were done with the aGFP antibody. The 
position of GFP migration is indicated (arrow). 
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Figure 10: Protein expression in NIH 3T3 cells transiently transfected with pBabe 
MN IRES GFP vector constructs 8, 18, and 40 hours post­
transfection. 

A) lmmunoblots of 20 Jlg of NP-40 lysates from NIH 3T3 cells 8, 18, and 40 
hours post-transfection with baxa, baxf3, and baxa-118184 in the pBabe MN 
IRES GFP vector were done with the Max5 antibody. The positions of Baxa 
and Baxf3 migration are indicated (arrows). 

B) lmmunoblots of 20 Jlg of NP-40 lysates from NIH 3T3 cells 8, 18, and 40 
hours post-transfection with baxa, baxJ3, and baxa-118184 in the pBabe MN 
I RES GFP vector were done with the aGFP antibody. The position of GFP 
migration is indicated (arrow). The* denotes a cross-reacting band, smaller in 
size than GFP. 
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band a bit smaller than GFP was present in the 8 hour lysates. This protein was 

verified as not being GFP by confocal microscopy, as no green cells were 

detected at this time (data not shown). Measurements of GFP intensity and 

transfection efficiency were done 18 hours post-transfection, for at 40 hours the 

cells were very crowded and were impossible to visualize individually (data not 

shown). 

The Baxa-ilS184 cells likely underwent cell death and lifted off the 

coverslip prior to the fixing of the samples for microscopy and cell lysate 

production, which is consistent with the extremely low levels of GFP. The BaxJ3 

transfected cells did not die however, as GFP-positive cells remained in these 

samples. It is very unlikely that BaxJ3 was not produced due to problems in 

transcription from the vector. It was cloned into the pBabe MN IRES GFP vector 

in the same manner as Baxa, which was effectively transcribed and translated, 

indicating no problems in the common 5' untranslated region of the gene. This 

cloning was also verified through sequencing (data not shown). Therefore, the 

reduced levels of BaxJ3 were likely due to either low levels of BaxJ3 production or 

degradation of BaxJ3 in the cell. 

An examination of the amount of green fluorescence per cell and the 

transfection efficiency revealed no significant differences among the various 

transfections (Figure 11 ). Co-transfection with baxa-L18184 compared to vector 

was associated with a decrease in GFP fluorescence per cell and transfection 
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Figure 11: The relative amount of GFP fluorescence per cell (A) and the relative 
transfection efficiencies (B) of NIH 3T3 cells transiently transfected with 
pBabe MN IRES GFP vector constructs. 

2 f..Lg of parent vector or vectors encoding a Bcl-2 family member were co-transfected into 
NIH 3T3 cells with either 2 f..Lg of parent pBabe MN IRES GFP vector or 2 f..Lg of baxa.­
!l.S814 pBabe MM IRES GFP vector. The relative amount of GFP fluorescence per cell 
and the relative transfection efficiency for each sample were calculated. Seven samples 
were analyzed for the vector, Bcl-2, and Baxj3, six samples for Bel-Xu and two samples 
for Baxa.. The error expressed is the standard error of the mean for each sample, with 
the range of values shown for Baxa.. 
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efficiencies for all constructs. Thus this assay did not allow us to detect 

functional differences among Bcl-2 family members. 

A literature search revealed a possible explanation for this unexpected 

result. Data was published while these studies were underway regarding the 

regulation of translation during apoptosis. While many cellular stresses, 

including apoptosis, inhibit cap-dependent translation, the cap-independent 

translation mechanism mediated by IRES elements continues to function (Holcik 

eta/., 2000a). The eukaryotic initiation factor 4G (eiF-4G) required for assembly 

of the ribosome-mRNA complex in translation is cleaved by caspase-3 during 

apoptosis, abolishing its function (Clemens eta/., 2000). The IRES sequence 

enables the association of the ribosome and mRNA in the absence of eiF-4G 

with a different assembly of initiation factors. The exact details of this process 

are unknown. IRES elements have been found in the 5' untranslated regions of 

genes which encode growth factors and oncogenes (Holcik eta/., 2000a), 

including the anti-apoptotic X-I inked inhibitor of apoptosis (XIAP) and pro­

apoptotic Apaf-1. Both proteins are translated during apoptosis (Holcik eta/., 

2000b, Coldwell eta/., 2000). By regulating proteins involved in the control of 

cell death at the level of translation, the cell can rapidly respond to changes in 

cellular stresses. 

Consequently, GFP fluorescence would not reflect apoptosis as it would 

continue to be translated in this vector. This may explain why no effects of Bcl-2 

family members were observed with the transient transfections when co-
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transfected with vector (Figure 11 ). However, more pronounced pro-apoptotic 

effects such as those caused by Baxa-L1S184 were detected with this system. 

Therefore the assay system was modified: Bcl-2 family members were 

cloned into the prcCMV vector, such that they were transcribed from a cmv 

promoter and underwent cap-dependent translation. These constructs were co­

transfected with pEGFP-C1, a vector that expresses an enhanced green 

fluorescent protein (EGFP), also from a cmv promoter. While the two genes 

were on separate plasm ids, this approach enabled both the Bcl-2 family genes 

and the egfp gene to be transcribed and translated in the same manner in 

healthy and apoptotic cells. 

NIH 3T3 cells were co-transfected with 2 f.lg each of a Bcl-2 family gene 

prcCMV construct and of pEGFP-C1. Expression of the different proteins from 

these constructs were similar to the pBabe MN IRES GFP constructs. Once 

again, only low levels of Baxp were expressed (Figure 12). The vector, bc/-2, 

and bci-XL transfections showed good GFP expression, while the baxa­

transfected cells expressed lower GFP, and the GFP levels were further reduced 

in the baxf3 transfections (Figure 128 ). All of these constructs were verified by 

sequencing, and the baxa and the baxpgenes were cloned in the same manner, 

resulting in the same 5' regions of these genes (data not shown). Thus the low 

level of Baxp expression was observed in two cell types, with two different 

vectors and different methods of transfection. 
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Figure 12: Protein expression in NIH 3T3 cells transiently transfected with equal 
amounts of prcCMV vector construct and pEGFP-C1. 

A) lmmunoblots of 20 J.l9 of NP-40 lysates from NIH 3T3 cells transiently co­
transfected with the prcCMV vector, bcl-2 , bel-Xu baxa., or baxf3 in prcCMV 
and pEGFP-C1 were done with the indicated antibody. The position of Bcl-2, 
Bci-XL, Baxa., and Baxf3 migrations are indicated (arrows). 

B) lmmunoblots of 20 J.l9 of NP-40 lysates from NIH 3T3 cells transiently co­
transfected with the prcCMV vector, bcl-2 , bci-XL, baxa., or baxf3 in prcCMV 
and pEGFP-C1 were done with the a.GFP antibody. The position of GFP 
migration is indicated (arrow). 
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Cells were co-transfected with varying amounts of the Bcl-2 family 

prcCMV constructs and pEGFP-C1, to keep the total amount of DNA at 4 !Jg. No 

changes in EGFP fluorescence per cell were seen in any of the transfections, 

except for the Baxp samples in which it was decreased (Figures 13, 14A). This 

lower EGFP fluorescence per cell suggests Baxp toxicity. Some of the EGFP 

signals were above the detection limit of the image. Exclusion of these from the 

data set did not significantly change the result (data not shown), therefore all 

green fluorescence values were used in the analyses. 

EGFP expression was not toxic in a dose dependent manner, as variation 

in expression levels was seen in the vector transfected cells (Figures 13, 148). 

This is consistent with other studies in NIH 3T3 cells where GFP toxicity was only 

observed after 48 hours (Liu eta/., 1999). 

The transfection efficiencies of the different constructs are shown in Figure 

148. The effects of the 8cl-2 family proteins were not seen upon co-transfection 

of 2 !Jg of the prcCMV construct with of 2 !Jg of pEGFP-C1. However, when the 

amount of EGFP plasmid was decreased with a corresponding increase in the 

Bcl-2 family member plasmid, the amount of Bcl-2 family member expressed was 

high enough to produce detectable effects. Bcl-2 demonstrated a toxic 

phenotype of a lowered transfection efficiency (Figures 13, 148). This effect has 

been seen in other studies where transient expression of Bcl-2 at high levels 

induces apoptosis in a variety of cell types (Wang eta/., 2001, Shinoura eta/., 

1999, Uhlmann eta/., 1998). Transfection of constructs containing only the Bcl-2 
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Figure 13: NIH 3T3 cells transiently transfected with varying amounts of 
prcCMV vector construct and pEGFP-C1. 

Baxj3 

Confocal microscopy images were taken of NIH 3T3 cells expressing EGFP 
(green) and stained with SYTO 63 (red). 
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Figure 14: The relative amount of EGFP fluorescence per cell (A) and the 
relative transfection efficiencies (B) of NIH 3T3 cells transiently 
transfected with varying amounts of prcCMV vector construct and 
pEGFP-C1. 

Varying amounts of different Bcl-2 family genes in the prcCMV vector were co­
transfected with the pEGFP-C1 vector into NIH 3T3 cells. The relative amount of 
EGFP fluorescence per cell and the relative transfection efficiency for each 
sample were calculated. A minimum of three samples were analyzed for each 
point, and the error expressed is the standard error of the mean. 
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insertion sequence demonstrated that this effect is probably due to non-specific 

toxicity of overexpressed protein at mitochondria (Wang eta/., 2001 ). 

Transfection of bci-XL is not toxic (Figures 13, 148), possibly because only a 

fraction of Bci-XL targets to mitochondria (Wang eta/., 2001, Hsu eta/., 1997). 

Baxa exhibited a pro-apoptotic phenotype when the amount of transfected baxa­

prcCMV was 3 llg or more. At these higher doses of Baxa, the amount of protein 

was high enough to cause cell death. These results agree with the known 

apoptotic functions of these proteins. Thus, under appropriate conditions, this 

assay can be used to measure the pro-apoptotic effect of a transfected protein. 

Baxp had a strong cytotoxic phenotype, shown by a very low transfection 

efficiency and reduced levels of EGFP fluorescence (Figures 13, 14). This 

suggests that Baxp is more toxic than Baxa. Comparison of this data with that 

obtained with the pBabe MN IRES GFP transfections (Figure 9) suggests that 

Baxp is less lethal than Baxa-~S184. 

To confirm that the changes in EGFP transfection efficiencies were due to 

effects of the co-transfected genes on apoptosis, a separate assay was used. 

Transfected cells were treated with drugs to induce cell death. A variety of 

agents were screened to determine which would effectively induce apoptosis in 

NIH 3T3 cells, using cleavage of the caspase substrate PARP as an indicator. 

Treatment with 1 1-1M staurosporine did not result in any significant PARP 

cleavage (Figure 15). Serum starvation for 48 hours was also ineffective (data 
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Figure 15: Cleavage of the caspase substrate PARP in NIH 3T3 cells treated 
with Adriamycin, etoposide and staurosporine. 

A) lmmunoblots of 5 ~g of protein from SDS lysates of untransfected NIH 3T3 
cells and NIH 3T3 cells transfected with 3 ~g of prcCMV and 1 ~g of pEGFP­
C1 were done with aPARP antibody. The cells were treated with 0 to 50 ~M 
of Adriamycin for 0 to 24 hours. The migrations of full-length and cleaved 
PARP proteins are indicated (arrows). Actin was run as a control 
demonstrating that equal equal amounts of protein were loaded in each lane. 
The control (C) is NP-40 lysate from MCF-7 breast cancer cell line treated 
with 1 0 ~M Adriamycin for 24 hours, a condition known to result in cleavage 
of PARP. 

B) lmmunoblots of 5 ~g of protin from SDS lysates of untransfected NIH 3T3 
cells were done with aPARP antibody. The cells were treated with 1 00 ~M 
etoposide or 1 ~M staurosporine for 0 to 24 hours. The migrations of full­
length and cleaved PARP proteins are indicated (arrows). Actin was run as a 
control demonstrating that equal amounts of protein were loaded in each 
lane. The control (C) is NP-40 lysate from MCF-7 breast cancer cell line 
treated with 10 ~M Adriamycin for 24 hours, a condition known to result in 
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not shown). Incubation with 100 j..tM etoposide for 24 hours did result in some 

PARP cleavage, and this was also seen with 50 1-LM Adriamycin for 24 hours 

(Figure 15). Adriamycin treatment also induced changes in cell morphology 

consistent with apoptosis, whereas this effect was less pronounced with 

etoposide (data not shown). Transfection of NIH 3T3 cells with 3 1-lg prcCMV and 

1 1-lg pEGFP-C1 had no effect on the susceptibility to Adriamycin-induced 

apoptosis. This allowed the use of Adriamycin with cells transfected with our 8cl-

2 family constructs. 

Eighteen hours post-transfection with 3 1-lg of prcCMV construct and 1 1-lg 

of pEGFP-C1, the cells were treated with various doses of Adriamycin for 24 

hours. Only the treated cells were cultured for the additional 24 hours. This did 

not affect the measurements for relative transfection efficiency, as Adriamycin 

inhibited cell division (data not shown). Adriamycin exposure did not alter EGFP 

fluorescence per cell, except upon transfection of baxp (Figures 16, 17 A). The 

amount of GFP fluorescence per cell in the bax,B-transfected population was 

much lower than the other transfections at elevated doses of 50 !-lM Adriamycin 

(Figure 17 A). The number of surviving transfected cells was significantly affected 

upon expression of the different 8cl-2 family proteins (Figures 16, 178). 

Adriamycin killed vector transfected cells in a dose dependent fashion, as shown 

by a decreasing number of EGFP positive cells with higher doses of drug 

(Figures 16, 178). 8ci-XL was strongly protective against Adriamycin at all doses 

(Figures 16, 178). The effect of 8cl-2 on Adriamycin-induced cell death was a 

62 



vector Bcl-2 Baxa Baxp 

Figure 16: NIH 3T3 cells transiently transfected with 3 ~g prcCMV constructs 
and 1 ~g pEGFP-C1 treated with 0 to 50 ~M Adriamycin for 24 
hours. 

Confocal microscopy images were taken of NIH 3T3 cells expressing EGFP 
(green) and stained with SYTO 63 (red). 
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Figure 17: The relative amount of EGFP fluorescence per cell (A) and the relative 
transfection efficiencies (B) of transiently transfected NIH 3T3 cells treated 
with 0 to 50 f.!M Adriamycin for 24 hours. 

NIH 3T3 cells were transfected with 3 f.l9 prcCMV vector construct and 1 f.l9 pEGFP-C1 . 
Eighteen hours post-transfection, they were treated with 0 to 50 f.!M Adriamycin for 24 
hours. The relative amount of EGFP fluorescence per cell and the relative transfection 
efficiency for each sample were calculated. A minimum of three samples were analyzed 
for each point, and the error expressed is the standard error of the mean. 
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complex function of drug dose. At lower concentrations of drug, the toxicity due 

to 8cl-2 overexpression was observed, while at higher doses the cells that 

maintained 8cl-2 expression were delayed from undergoing apoptosis. The 

combination of the toxicity of overexpression of 8cl-2 and its anti-apoptotic effect 

resulted in numbers of surviving cells similar to that of the vector transfected cells 

(Figures 16, 178). The presence of 8axa caused cell death, irrespective of the 

presence of Adriamycin (Figures 16, 178). Very few cells survived in the baxj3-

transfected population. The toxicity of 8axf3 was so high that an increase in cell 

death due to Adriamycin could not be seen. Thus unlike the previous assays, 

enhancement of Adriamycin-induced apoptosis as measured by persistence of 

EGFP fluorescence clearly demonstrated the anti-apoptotic function of 8ci-XL, 

the pro-apoptotic function of 8axa, and the even more lethal function of 8axf3. 

The dual effect of 8cl-2 is likely due to toxicity of mitochondrial targeted proteins 

in transient assays, as discussed previously. 

Therefore, 8axf3 is highly toxic in transiently transfected NIH 3T3 cells, 

with very few cells surviving and those cells that do survive having lower 

amounts of EGFP fluorescence per cell. This induction of cell death is greater 

than that shown by 8axa, but still less than that of 8axa-~S184. 

3.2.3 Conformation of the Baxf3 Amino-Terminus 

8axa undergoes a functionally significant conformational change at its 

amino-terminus that is associated with activation and integration into the 
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mitochondrial membrane (Hsu and Youle, 1997, Goping eta/., 1998, Nechushtan 

eta/., 1999, Soucie eta/., 2001 ). As the carboxyl-terminus of Bax~ differs from 

Baxa, we determined whether Bax~ exhibited this amino-terminal conformational 

change associated with Baxa activation. 

The conformation of the amino-termini of 35S methionine labeled baxa, 

baxp, and baxa-L1S184 in solution were investigated with the 6A7 antibody that 

detects the activated amino-terminal conformation of Baxa. Two different 

detergents were used: the non-ionic detergent Triton X-100 that induces the 

conformational change, and the zwitterionic detergent CHAPS that does not (Hsu 

and Youle, 1998). The supernatants from these immunoprecipitations were re­

immunoprecipitated with 202, an antibody that recognizes both conformations of 

the Bax protein, as a control and to determine how much protein remained. After 

quantification of the immunoprecipitates through phosphorimager analyses, the 

amounts of Bax protein immunoprecipitated in each experimental condition were 

examined relative to that immunoprecipitated in Triton X-100 detergent with the 

6A7 antibody. 

Similar to the results of Hsu and Youle (1998), Baxa showed minimai6A7 

reactivity compared to 202 reactivity in the CHAPS buffer (Figure 18). 

Baxa.6.S184 also had reduced 6A7 reactivity compared to 202 reactivity in the 

CHAPS buffer, although not quite as low as Baxa as small amounts of 

Baxa.6.S184 were reproducibly immunoprecipitated (Figure 18). In contrast, Bax~ 

showed strong 6A7 reactivity in both of these conditions (Figure 18). 
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Figure 18: lmmunoprecipitations of Baxa, Baxj3, and Baxa-~S184 with the 6A7 and 
202 antibodies at pH 7.5. 

A) 35S methionine labeled Baxa, Baxj3, and Baxa-~S 184 that had been expressed in 
vitro were immunoprecipitated using the amino-terminal conformation-specific 6A7 
monoclonal antibody in buffers of either 0.2% Triton X-100 or 0.2% CHAPS at pH 
7.5. The supernatant was subsequently re-immunoprecipitated with the monoclonal 
202 antibody that recognizes all conformations of the Bax amino-terminus. The 
immunoprecipitated proteins were analyzed by SOS-PAGE and autoradiography. 
The data shown here is a representative of six independent replicates. 

B) Quantification of the immunoprecipitations relative to the amount of protein 
immunoprecipitated with the 6A7 antibody in Triton X-100 buffer, as determined by 
phosphorimaging. The error expressed is the standard error of the mean for six · 
independent experiments. 
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These same immunoprecipitations were carried out at pH 6.9 and 8.1 to 

investigate the pH-dependent changes in conformation reported by Khaled eta/. 

(1999). No pH dependent change in 6A7 reactivity was observed for any of the 

proteins (Figures 19, 20). 

The observation that Bax~ is constitutively in the activated 6A7-positive 

conformation could explain its cell death inducing activity: it is possible that the 

carboxyl-terminus and BH3 domain are accessible for protein-protein 

interactions. An immunoprecipitation assay, which previously demonstrated 

interactions among Bcl-2 family members, was used to determine if Baxa and 

Bax~ associated in solution. No such interactions were found (Appendix 6.1 ). 

The 6A7-positive conformation was not affected by changes in pH, which agrees 

with the results of Suzuki eta/., (2000). The pre-disposition of Baxa-~S184 for 

6A7 epitope exposure (Figure 18) could be indicative of a decreased threshold 

for activation of Baxa-~S 184 in apoptosis which would correlate with its greater 

cytotoxicity compared to Baxa (Nechushtan eta/., 1999). 

3.3 Significance of the Baxf3 Carboxyl-Terminus 

Investigations to determine the significance of the unique Bax~ carboxyl­

terminus did not provide insight into the mechanism of its cell death inducing 

function. The reduced levels of exogenous Bax~ expression in cells suggests 

that Bax~ could be of short half-life, and perhaps the carboxyl-terminus is 
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Figure 19: lmmunoprecipitations of Baxa (A), Baxj3(8), and Baxa-L\8184 (C) 
with the 6A7 and 202 antibodies at pH 6.9 and 8.1. 

358 methionine labeled Baxa, Baxj3, and Baxa-L\8184 that had been expressed 
in vitro were immunoprecipitated using the amino-terminal conformation-specific 
6A7 monoclonal antibody in buffers of either 0.2% Triton X-100 (TX-100) or 0.2% 
CHAPS at a pH of either 6.9 or 8.1. The supernatant was subsequently re­
immunoprecipitated with the monoclonal 202 antibody that recognizes all 
conformations of the Bax amino-terminus. The immunoprecipitated proteins 
samples were analyzed by SDS-PAGE and autoradiography. The data shown 
here is a representative of three independent replicates. 

69 



A) 

B) 

"Co 1.40 
a>o 1.21 
_ ..... 
ftl I 1.20 :=>< 
o.c: 
·- 0 1.00 u_ 
G> ·-
Q.j!: 

0.80 0 c: 
C: ·-
::Ito-
E<t 0.60 EU) 
·- 0 0.40 --c: Cl) 
::I> 
o:.;:: 0.20 
E~ 
<(~ 0.00 

DBax alpha • Bax beta Bax deiS184 

2.50 -,--------------------------

"Co 
Cl) 0 2.00 +---------_ .... 
ftl I :=>< 
Q.c: ·u .e 1.5o +---------
~·;:: 
Q.l-
g .5 1.00 +r---.-
:::::lto-
E<t 
.5 ~ 0.50 --c: Cl) 
::I> 
0 :.;:: 0.00 +'---'-----
E~ 
<(~ 

2.10 

DBax alpha • s ax beta Bax deiS184 

Figure 20: Quantification of immunoprecipitations of Baxa, Baxf3, and Baxa­
~S184 with the 6A7 and 202 antibodies at pH 6.9 (A) and 8.1 (B). 

35S methionine labeled Baxa, Baxf3, and Baxa-~S184 that had been expressed in 
vitro were immunoprecipitated using the amino-terminal conformation-specific 
6A7 monoclonal antibody in buffers of either 0.2% Triton X-1 00 or 0.2% CHAPS 
at a pH of either 6.9 or 8.1. The supernatant was subsequently re­
immunoprecipitated with the monoclonai2D2 antibody that recognizes all 
conformations of the Bax amino-terminus. The samples were analysed by SDS­
PAGE and quantified by phosphorimaging. The amount of protein 
immunoprecipitated with the 6A7 antibody in Triton X-100 buffer was set to 1.0, 
and the other amounts of immunoprecipitated protein are expressed as an 
amount relative to this value. The data shown is a representative of three 
independent experiments. 
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mediating rapid degradation of the protein. Determination of the half-life of Baxj} 

was attempted in these studies, however the protein was not labeled with 358 

methionine, and consequently no half-life could be ascertained (Appendix 6.2). 

c-Src and Bif-1 were found to not be authentic SH3 domain binding partners of 

Baxj}, and no suitable assay was found to screen many different SH3 domains 

for Baxj} binding activity. Thus, whether the carboxyl-terminal tail of Baxj} has 

SH3 binding capabilities was not resolved (Appendix 6.3). 
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4. DISCUSSION 

In this study Baxl3 was found to induce cell death to a greater extent than 

Baxa upon transient transfection of NIH 3T3 cells. This correlated with it being in 

an activated conformation, as seen by exposure of the 6A7 antibody epitope, and 

with low levels of protein expression compared to Baxa. 

Previous assays used to compare the death inducing function of proteins 

in adherent cells have used FAGS analyses to determine the number of 

transfected cells in the population (lnohara eta/., 1997, Grosset a/., 1998, Shi et 

a/., 1999, Wang eta/., 2001 ). This is not appropriate for the study of adherent 

cells, as a loss of cell adhesion induces apoptosis, which confounds the results 

by increasing the apparent toxic effect of the protein (Gilmore eta/., 2000). A 

transient transfection assay to study the effect of a protein on apoptosis in 

adherent cells was designed to determine the function of Baxl3. It enabled the 

study of overexpression of the protein of interest alone, or with the application of 

apoptotic stimuli. This assay is able to be used with any type of adherent cells 

that can be transfected with reasonably high efficiency. One important discovery 

was that the reporter gene, GFP in this study, could not be under the control of 

an IRES element when studying apoptosis. If IRES elements were used, no 

differences were seen in either the amount of green fluorescence per cell or in 

the transfection efficiencies among the different Bcl-2 family members (Figure 
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11 ). As IRES controlled genes are constitutively expressed during the apoptotic 

process, only large apoptotic effects that caused the cells to detach from the 

adherent cell population could be detected. This occurred with the 8axa-~S184 

expressing cells (Figure 11 ). Expression of the reporter gene such that it 

underwent cap-dependent translation remedied this problem. Co-transfection of 

bci-XL with egfp produced high transfection efficiencies (Figures 13, 148), and its 

anti-apoptotic activity was evident in the presence of Adriamycin (Figures 16, 

178). Transient expression of 8cl-2 resulted in a pro-apoptotic effect of reduced 

transfection efficiencies (Figures 13, 148) likely due to overexpression of this 

molecule causing non-specific toxicity at mitochondria (Wang eta/., 2001 ). The 

anti-apoptotic function of 8cl-2 was observed during Adriamycin-induced 

apoptosis as EGFP expressing cells were protected from cell death (Figures 16, 

178). 8axa exhibited a pro-apoptotic phenotype irrespective of the presence of 

Adriamycin (Figures 13, 148, 16, 178), which is consistent with overexpression 

of this molecule causing apoptosis (Oitvai eta/., 1993). Thus, this assay proved 

a valid means to determine the apoptotic function of a protein in adherent cells, 

relative to the function of other pro- and anti-apoptotic proteins. 

8axp had a lethal effect on the transiently transfected cells, as indicated 

by a reduced intensity of EGFP (Figures 13, 14A, 16, 17A) as well as a 

dramatically reduced transfection efficiency with or without Adriamycin (Figures 

13, 148, 16, 178). This toxic activity was greater than that of 8axa, and less 

than that of 8axa-~S 184. While it is clear that 8axp induces cell death, the 
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mechanism of this death is not yet known. Supplementary assays to explore the 

mechanism of Baxp induced cell death include determination of caspase activity 

by inhibition of these molecules with the caspase inhibitor zVAD-fmk. 

Examination of the transfected cells for morphological characteristics of 

apoptosis such as DNA fragmentation by TUNEL assay and phosphatidylserine 

exposure by Annexin V staining would also indicate whether Baxp is inducing 

apoptosis. Transfection of baxp into Bcl-2 or Bel-XL expressing cell lines would 

indicate if the toxic effects of Baxp could be prevented by these anti-apoptotic 

Bcl-2 family members. Additionally, examination of the effect of Baxp on cell 

death in baxa knockout cells would show if Baxa is required for Baxp to induce 

cell death. 

PARP cleavage was examined in pooled Rat-1 myc ERTM cells, however 

Baxp had no observable effect on the susceptibility of the cells to apoptosis 

triggered by etoposide, serum starvation, or Adriamycin. As these cells had very 

low levels of Baxp expression the magnitude of the effect of Baxp could have 

been too low to detect. As well, the cells were passaged to create the pooled cell 

lines, which could have selected for cells that were resistant to Baxp. 

Endogenous Baxp was not found expressed in any of the cells or tissues 

probed (Figures 5, 6). Also, exogenous Baxp was expressed to only low levels 

compared to Baxa, when transfected into different cell types using different 

vectors (Figures 7, 9, 12). If Baxp was only expressed to these levels in vivo, it 
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would be practically undetectable above background using the available 

molecular techniques and could be why it was not found in these experiments. 

The reduced levels of exogenous Baxj3 in the cell suggest that Baxj3 could be of 

short half-life and the presence of a putative PEST sequence in the Baxl3 

carboxyl-tail (Figure 3) supports this idea. It is possible however, that Baxj3 

would be expressed at higher levels or its expression stabilized in the appropriate 

cell type in some circumstances. However, testing all of the possible cell types in 

all apoptotic stages is unfeasible. The low levels of expression observed in this 

study agree with Baxj3 as cytotoxic, as high levels of a pro-apoptotic protein can 

induce cell death (Oitvai eta/., 1993). 

Oltvai eta/. (1993) and Krajewski eta/. (1994) previously identified 24 kDa 

proteins as Baxj3 in RL-7 cells and mouse pancreatic and intestinal tissues. It is 

possible that the 24 kDa proteins they identified as Baxj3 were in fact Baxro or 

Baxx, as all three are 24 kDa and share the amino-terminal sequence recognized 

by the Bax antibodies. In this study, mouse tissues were unsuccessfully probed 

due to secondary antibody cross-reactivity on the immunoblots with 

immunoglobulin protein present in the tissue samples. I probed the RL-7 cell line 

but did not detect a 24 kDa protein. The cells examined here were potentially in 

different conditions than those used in the studies by Oltvai eta/. (1993), which 

could have facilitated production or stabilization of the 24 kDa protein. 

The activation of Baxa is associated with an amino-terminal 

conformational change that exposes the 6A7 antibody epitope. Baxj3 was found 
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to be constitutively in the 6A7 positive conformation (Figure 18), independent of 

pH (Figures 19, 20). In Baxa, 6A7 epitope exposure correlates with exposure of 

the BH3 domain (Nechushtan eta/., 1999, Gaping eta/., 1998). As Bax~ is 

identical to Baxa other than at the carboxyl-terminus, 6A7 epitope exposure in 

Bax~ could be indicative of availability of its BH3 domain for protein-protein 

interactions. The 6A7-reactive conformation of Bax~ is a possible explanation for 

the cell death inducing activity of Bax~. as 6A7 reactivity is only found in 

activated Baxa. (Nechushtan eta/., 1999, Gaping eta/., 1998). 

Bax~ displayed cell death inducing activity that is greater than that of Baxa 

when transiently expressed in NIH 3T3 cells. One possible explanation for this 

function is that Bax~ is constitutively in the activated conformation of Bax that 

involves 6A7 epitope exposure. The expression levels of Bax~ were always 

much reduced compared to Baxa, which agrees with its cell death inducing 

function, as overexpression of a toxic protein can have lethal effects. These 

observed differences are due to the unique carboxyl-terminal sequence of Bax~. 

While the mechanism of action remains elusive, this study has identified Bax~ as 

a Bax isoform of greater toxicity than Baxa. 
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6. APPENDICES 

6.1 Binding Among Bax Molecules 

The BH3 domain of Baxa enables it to bind to other Bax molecules and 

Bcl-2 family members (Zha eta/., 1996a, Wang eta/., 1998, Simonian eta/., 

1996a), and Baxa forms oligomers of large size in membranes of apoptotic cells 

(Grosset a/., 1998, Mikhailov eta/., 2001). Bax~ could function by enhancing the 

ability of Baxa to kill cells by increasing the probability of oligomer formation. 

Binding between Bax~ and Baxa or Baxa-L\S 184 was examined through 

co-immunoprecipitations with an antibody specific to the unique Bax~ carboxyl­

terminus. This antibody had to be used as any other available Bax antibodies, 

which recognize epitopes in the amino-terminal region of the protein, 

immunoprecipitate all of the Bax molecules. 35S methionine labeled proteins 

were immunoprecipitated in buffers of either Triton X-1 00 or CHAPS to determine 

if the conformational change associated with exposure of the 6A7 epitope is 

required for binding. 

Neither Baxa nor Baxa-L\S814 co-immunoprecipitated with Bax~ in the 

Triton X-1 00 and CHAPS buffers (Figure 21 ). Thus these proteins do not interact 

in vitro regardless of amino-terminal conformation. If the unique Bax~ epitope 

was hidden, it is possible that the aBax~ antibody may not recognize the hetero­

oligomer. While the Bax~ carboxyl-terminus could block the BH3 region, 
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Figure 21: Co- immunoprecipitations of Baxp and Baxa, and Baxp and Baxa­
L1S184 with the aBaxp antibody at pH 7.5. 

35S methionine labeled Baxp and Baxa or Baxa-L1S 184 proteins that had been 
expressed in vitro were mixed in equal volumes and immunoprecipitated using 
the aBaxp antibody in buffer containing either 0.2% Triton X-100 or 0.2% CHAPS 
at pH 7.5. The immunoprecipitated proteins were run on a SDS-PAGE gel and 
the associated proteins visualized by autoradiography (A) and quantified by 
phosphorimaging (8 and C). The error expressed is the standard error of the 
mean for three independent experiments. 
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its amino acid composition is very different from the Baxa carboxyl a-helix, and 

therefore it is unlikely that they would share a similar function. Therefore Baxp 

does not bind Baxa molecules, unless another protein binding partner or 

membrane, present in vivo but not included in this assay, is required. 

6.2 PEST Sequence 

The reduced levels of Baxp protein expression observed in the pooled cell 

lines (Figure 7), and transient transfections (Figures 9, 12), raised the possibility 

that Baxp has a short half-life. The carboxyl-terminus of Baxp is the only region 

of the protein different from Baxa and thus it would be responsible for any 

differences in half-life between the two isoforms. One possibility is that this 

region of Baxp contains a PEST sequence. These sequences are regions rich in 

proline (P), glutamic acid (E), serine (S), and threonine {T) and are often flanked 

by positive amino acids (Rogers eta/., 1986). PEST sequences are found in 

proteins that exhibit short half-lives, usually of less than two hours (Rogers eta/., 

1986). The unique carboxyl-terminal sequence of Baxp was compared to twelve 

known PEST sequences (Figure 22). While no definitive conclusions could be 

made due to the lack of well-defined consensus sequences for PEST regions, 

the Baxp tail does contain a high number of proline, serine, and threonine 

residues and very few positively charged amino acids. Thus it is feasible that this 

carboxyl-terminal sequence causes a rapid degradation of Baxp. 
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Figure 22: Schematic representation of PEST sequences. 

Several PEST sequences are presented in schematic form, including the enitre 
Baxp unique carboxyl terminus. +indicates Arg, Lys, or His,- indicates Glu or 
Asp, 0 indicates Ser or Thr, P indicates proline, and all other amino acids are 
indicated by a dot. The region of the Baxp carboxyl terminus that resembles the 
PEST sequences the most is highlighted in yellow. 

(Modified from Rogers et. al., 1986). 
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Pulse labeling of Sax-expressing transiently transfected NIH 3T3 cells and 

of Rat-1 myc ERTM pooled cell lines with 35S methionine was done to elucidate 

the half-life of Bax~. The GFP present in the cells as an internal control was 

successfully labeled in a four hour pulse of 35S methionine, and was 

immunoprecipitated from NP-40 lysates of the cells (Figure 23). However, no 

labeled Bax isoforms were immunoprecipitated from any of the cell lines (Figure 

23). Shorter pulses of 10, 30, and 60 minutes of 35S methionine were done to 

determine if the four-hour pulse was too long, however, no labeled Baxa was 

immunoprecipitated with either the 202 or the Max5 antibody, even from MCF-7 

cells which have high endogenous Baxa (Figure 24 ). NP-40 lysates release the 

Bax protein from all these cell types, and Baxa is immunoprecipitated with the 

antibodies (Figures 5, 7, 9, 12). Thus, the problem lies with the ability to label 

Baxa and Bax~ with 35S methionine. These proteins have eight and seven 

methionine residues, respectively, so labeled Bax would have been easily 

visualized. The reason why Baxa and Bax~ would not label with 35S methionine 

is unclear. Consequently, the half-life of the Bax~ molecule was not deduced 

from these experiments. A further experiment, outside the scope of this study, 

would be to tag a protein of known half-life with the Bax~ carboxyl-terminal 

region, and follow its expression in a pulse-chase experiment. Western blots to 

determine the amount of Bax~ remaining in the cell at various times after 

treatment with cycloheximide would also indicate if it is being degraded. This 

assay has previously revealed the function of PEST sequences. 
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A) NIH 3T3 

202 aGFP 

B) Rat-1 myc ERTM 

202 

£~~ 
Baxa 
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Figure 23: Pulse labeling of transfected NIH 3T3 cells and of Rat-1 myc ERTM 
pooled cell lines for Baxa., Baxp, Baxa.-.::\S184, and GFP. 

A) lmmunoprecipitates of NP-40 lysates of 80 1-lg of NIH 3T3 cells transiently 
transfected with the parent pBabe MN IRES GFP vector, or baxa, baxp, 
baxa-L\S184 in the pBabe MN IRES GFP vector labeled with 35S methionine 
for four hours were done with the 202 and a.GFP antibodies. The positions of 
Baxa., Baxp and GFP migration are indicated (arrows). 

B) lmmunoprecipitates of NP-40 lysates of 140 1-lg of the Rat-1 myc ERTM 
parental cell line and pooled cell lines made with the baxa, baxp, baxa­
L\S184 in the pBabe MN IRES GFP vectors labeled with 35S methionine for 
four hours were done with the 202 and a.GFP antibodies. The positions of 
Baxa., Baxp and GFP migration are indicated (arrows). 
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Figure 24: Pulse labeling of MCF-7 cells, of Rat-1 myc ERTM parental cells, and 
of Rat-1 myc ERTM baxa pBabe MN IRES GFP cells for Baxa. 

A) lmmunoprecipitates of 80 11g of NP-40 lysates of MCF-7 cells, Rat-1 myc 
ERTM parental cells, and of Rat-1 myc ERTM baxa pBabe MN IRES GFP 
cell lines labeled with 35S methionine for 10, 30, and 60 minutes were done 
with the 202 antibody. The position of Baxa migration is indicated (arrow). 

B) lmmunoprecipitates of 80 11g NP-40 lysates of MCF-7 cells, Rat-1 myc ERTM 
parental cells, and of Rat-1 myc ERTM Baxa pBabe MN IRES GFP cell lines 
labeled with 35S methionine for 10, 30, and 60 minutes were done with the 
MaxV antibody. The position of Baxa migration is indicated (arrow). 
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Other potential mechanisms which were not investigated in this study could have 

lead to the disappearance of Baxp: Baxp might interact through its carboxyl­

terminus with other cellular proteins that then target it for degradation, or the 

carboxyl-terminal of Baxp could be a target for ubiquitination that would lead to 

degradation of Baxp at the proteasome. 

6.3 Interactions with SH3 Domains 

The Baxp carboxyl-terminal tail contains proline-enriched regions that are 

potential SH3 binding sites that would mediate protein-protein interactions 

(Figure 3). Many SH3 domain proteins are oncogenic, and have interactions in 

the cell death pathway (Kharbanda eta/., 1997, Naumovski and Cleary, 1996). 

The core ligand of an SH3 domain contains the consensus XPpXP motif, where 

X tends to be an aliphatic side chain. The 2 conserved pralines (P) are crucial 

for high affinity binding, and an intervening scaffold residue also tends to be 

proline (p) (Pawson, 1995). The Baxp tail contains three of these motifs 

(APAPPS, PPSLPP and LPPATP), and a fourth motif that contains pralines, but 

positively charged instead of aliphatic amino acids (KPPHPH) (Figure 3). 

Mongiovi eta/. (1999) determined the consensus sequence of ligands for the 

SH3 domain of the Eps8 protein conform to the sequence PXXDY, with the 

aspartic acid (D) and tyrosine (Y) residues indispensable for ligand binding. 

Thus, the XPpXP SH3 binding motif might not be absolutely required. 
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GST fusions of the SH3 domains of a variety of proteins were received 

from Dr. Brian K. Kay from the University of Wisconsin-Madison and used to 

examine the binding properties of Bax~. These included the SH3 domains from 

c-Abl, PLCy, p53BP2, and c-Src. Upon overexpression, the GST-SH3 domain 

proteins were the most abundant proteins in the cell lysates, and passage of 

these lysates over a glutathione column resulted in GST -SH3 proteins of 

enhanced purity (Figure 25). 

Dr. Kay has developed an enzyme-linked immunosorbent assay (ELISA) 

based method for detecting SH3 domain -ligand interactions (Sparks eta/., 

1996, Yamabhai and Kay, 1997). The purified GST-SH3 domain proteins are 

bound to microtitre plates and probed with the potential binding proteins. The 

latter proteins were fused to alkaline phosphatase, the enzymatic activity of 

which was used to indicate binding (Yamabhai and Kay, 1997, Sparks eta/., 

1995). This assay was attempted following the methods of Dr. Kay's research 

group using purified GST-c-Abl SH3, GST-p53BP2 SH3 and GST-Src SH3 

domains and probing with a Src-ligand-BAP fusion protein, a peptide that 

specifically recognizes the Src SH3 domain fused to alkaline phosphatase 

(Yamabhai and Kay, 1997). The GST-SH3 domain fusions were bound to high­

binding microtitre plate wells, unbound surfaces were blocked, and the wells 

washed. Src-ligand-BAP was induced in E. coli cells, and the alkaline 

phosphatase moiety of the fusion protein caused it to be secreted from the 

bacterium into the culture supernatant, enabling the protein to be used without 
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Figure 25: GST-SH3 domain fusion protein samples. 

The eluted fractions of Glutathione Sepharose columns that were used to purify 
the GST and GST-SH3 domain fusion proteins of c-Abl, PLCy, p53BP2, and c­
Src were run on a SDS-PAGE gel and stained with Coomassie blue. The induced 
GST-SH3 domain fusions are the predominant proteins in each of the samples. 
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further purification (Yamabhai and Kay, 1997). The Src-ligand-BAP containing 

supernatant was added to the microtitre plate wells and left to incubate. After 

washing, a p-nitrophenol phosphate (pNPP) substrate was added. A yellow 

colour change, detectable at 405 nm, occurred if the alkaline phosphatase moiety 

was present due to binding of the ligand protein. When the pNPP substrate was 

mixed with the Src-ligand-BAP fusion protein-containing supernatant, a yellow 

colour change did occur, indicative of functional alkaline phosphatase and pNPP 

substrate (data not shown). Yet none of the GST-SH3 samples bound to the 

microtitre wells reacted with the Src-ligand, even the GST-Src SH3 fusion, an 

interaction which has been optimized by Dr. Kay's group (Yamabhai and Kay, 

1997). Increasing the amounts of the GST-SH3 domain fusions ten-fold yielded 

no positive results nor did incubation of the Src-ligand BAP on the plate prior to 

blocking the wells (data not shown). Thus, it appeared that the GST-SH3 domain 

fusion proteins were not adhering to the microtitre wells for the duration of the 

assay. Consultation with Dr. Kay determined that the correct methodologies 

were being followed. On account of the difficulties experienced with this assay, 

alternative experiments were explored. 

Slot blots of purified GST-Abl SH3, GST-p53BP2 SH3 and GST-Src SH3 

proteins were probed with potential binding proteins. Dilutions of the GST -SH3 

domain proteins were slot blotted onto nitrocellulose, and the membranes were 

blocked and washed. The blots were probed with equal amounts of 35S 

methionine labeled Baxa, Bax~. Src-ligand-BAP as a positive control, and Pre-
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prolactin as a negative control that were made in vitro and salt exchanged over 

G25 Sephadex to remove unincorporated 358 methionine. The pre-prolactin 

negative control bound to all of the GST -SH3 domain samples, even as low as 

0.001 mg of GST-SH3 protein (data not shown). Numerous buffers were tested 

to try and increase the stringency of the assay. However neither increasing the 

amount of detergent from 0.1% to 1% Triton X-1 00, or using 1% Triton X-1 00 

with 0.1% SDS, nor changing the concentration of salt in the wash buffers from 

25 mM to 100 mM NaCI reduced the levels of background binding (data not 

shown). Buffer with 1M NaCI reduced the Pre-prolactin binding, however Baxa, 

Baxp, and Src-ligand-BAP were also unable to bind in these conditions (data not 

shown). Due to these obstacles encountered in finding optimal conditions for 

the assay, a third approach was tried. 

Each GST -SH3 domain cell lysate was mixed with equivalent amounts of 

either Baxa, Baxp, or Src-ligand BAP that were labeled with 358 methionine, 

immunoprecipitated with aGST antibody or glutathione beads, and the 

associated radio-labeled proteins visualized by autoradiography. Various buffer 

conditions and amounts of GST -SH3 proteins were tried to find a condition in 

which Src-ligand-BAP would bind to the SH3 domain proteins but not to GST 

alone. It was likely that Src-ligand-BAP would bind to all SH3 domains tested 

due to the relatively low stringency of this assay. The best condition found was 

incubating the GST-SH3 domain proteins with the 358 methionine labeled 

proteins in phosphate buffered saline (PBS) and adding TBS-T buffer that 
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contains 0.1% Tween-20 prior to adding the antibody. However, this resulted in 

Baxa, Bax~. and Src-ligand-BAP binding to all of the GST-SH3 fusions (data not 

shown). Performing all steps of the immunoprecipitations in the TBS-T buffer 

resulted in too stringent a condition in which no binding occurred (data not 

shown). Thus, appropriate conditions to determine if Bax~ bound SH3 domains 

using this assay were never found. In light of all of the information gathered in 

the other avenues of this study regarding the very low expression levels and 

indeterminate half-life of Bax~. these SH3 binding studies were discontinued. 

Co-immunoprecipitations of higher stringency with 35S methionine labeled 

Baxa or Bax~ and c-Src were performed with antibodies to both Bax and c-Src in 

the stringent TXSWB buffer. Bax~ did not interact with c-Src above background 

levels (Figure 26). Thus c-Src is not the SH3 domain containing protein with 

which Bax~ interacts. 

Bif-1, a widely expressed SH3 domain protein, binds the amino-terminus 

of Baxa, and the association between these two molecules increases upon the 

induction of apoptosis (Cuddeback et a/., 2001 ). Additionally, overexpression 

of Bif-1 in apoptotic cells promoted the activation of Baxa (Cuddeback eta/., 

2001 ). However, the SH3 domain of Bif-1 does not mediate its interaction with 

Baxa. An intriguing possibility was that the poly-proline regions in the Bax~ 

carboxyl-terminal tail might bind to the SH3 domain of Bif-1, in addition to 

interactions like Baxa. Dr. Hong-Gang Wang's laboratory at the Lee Moffitt 
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Figure 26: lmmunoprecipitations of 358 methionine labeled Baxa and c-8rc and 
Baxf3 and c-8rc. 

A) Equal amounts of 358 methionine labeled Baxa and c-8rc protein that had 
been expressed in vitro were incubated with Protein A beads, Max5 antibody, 
or ac-8rc antibody. The immunoprecipitated proteins were visualized by 
autoradiography. The migration positions of the Baxa and c-8rc proteins are 
indicated (arrows). 

B) Equal amounts of 358 methionine labeled 8axf3 and c-8rc protein that had 
been expressed in vitro were incubated with Protein G beads, a.Baxf3 
antibody, or ac-8rc antibody. The immunoprecipitated proteins were 
visualized by autoradiography. The migration positions of the Baxf3 and c-8rc 
proteins are indicated (arrows). 
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Cancer Center and Research Institute performed these studies with Baxp. They 

found that the SH3 domain of Bif-1 was not required for the interaction of Baxp 

with Bif-1, and Baxp interacted with the Bif-1 molecule in the same manner as 

Baxa (Dr. H.-G. Wang, personal communication). Therefore, Bif-1 is also not an 

SH3 domain containing protein with which Baxp interacts. 

It was determined that neither c-Src nor Bif-1 is an authentic SH3 domain 

binding partner of Baxp. However, no suitable assay was found to screen many 

different SH3 domains for Baxp binding activity. Thus, it is inconclusive whether 

the carboxyl-terminal tail of Baxp has SH3 binding capabilities. 
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