Active Bax and Bak are functional holins
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The mechanism of Bax/Bak-dependent mitochondrial outer membrane permeabilization (MOMP), a central
apoptotic event primarily controlled by the Bcl-2 family proteins, remains not well understood. Here, we express
active Bax/Bak in bacteria, the putative origin of mitochondria, and examine their functional similarities to the A
bacteriophage (\) holin. As critical effectors for bacterial lysis, holin oligomers form membrane lesions, through
which endolysin, a muralytic enzyme, escapes the cytoplasm to attack the cell wall at the end of the infection
cycle. We found that active Bax/Bak, but not any other Bcl-2 family protein, displays holin behavior, causing
bacterial lysis by releasing endolysin in an oligomerization-dependent manner. Strikingly, replacing the holin gene
with active alleles of Bax/Bak results in plaque-forming phages. Furthermore, we provide evidence that active Bax
produces large membrane holes, the size of which is controlled by structural elements of Bax. Notably, lysis by
active Bax is inhibited by Bcl-xL, and the lysis activity of the wild-type Bax is stimulated by a BH3-only protein.

Together, these results mechanistically link MOMP to holin-mediated hole formation in the bacterial plasma

membrane.
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In response to most apoptotic stimuli, the cell undergoes
mitochondrial outer membrane permeabilization (MOMP),
releasing cytochrome ¢ and other mitochondrial proteins
into the cytosol to initiate the caspase cascade (Newmeyer
and Ferguson-Miller 2003; Danial and Korsmeyer 2004;
Jiang and Wang 2004). As a central event during apopto-
sis, MOMP is primarily controlled by the Bcl-2 family
proteins, which include the anti-apoptotic (e.g., Bcl-2 and
Bcl-xL), the multi-domain proapoptotic (e.g., Bax and Bak),
and the proapoptotic BH3-only (e.g., Bik, Bim, and Puma)
proteins. While the anti-apoptotic proteins are believed to
inhibit MOMP by suppressing the function of proapoptotic
Bcl-2 family proteins, the BH3-only proteins positively
regulate MOMP by either neutralizing the anti-apoptotic
proteins or directly triggering Bax/Bak activation (Galonek
and Hardwick 2006; Kim et al. 2006; Willis et al. 2007;
Chipuk and Green 2008; Lovell et al. 2008). Genetic
analysis of mice doubly deficient for Bax and Bak estab-
lished the essential role of these two proteins in mito-
chondria-dependent apoptosis (Wei et al. 2001). During
apoptosis, both Bax and Bak become activated and form
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homo-oligomers in the outer membrane of mitochondria
(OMM) (Nechushtan et al. 1999; Antonsson et al. 2001;
Kim et al. 2009). These homo-oligomers are believed
to cause pore formation on the OMM and function as
effectors for MOMP, as they have been demonstrated to
permeabilize liposomes and outer membrane vesicles in
vitro (Kuwana et al. 2002; Lovell et al. 2008). However,
the physical makeup (lipidic or proteinaceous), molecular
composition, shape, and size of the putative pores remain
unclear (Antignani and Youle 2006; Tait and Green 2010).

As single-cell organisms, bacteria share many similarities
with mitochondria, including their sizes, membranes, ge-
nomes, and ribosomes, etc., and have been widely consid-
ered the origin of mitochondria during an endo-symbiotic
evolution process (Dyall et al. 2004). Of importance, like
MOMP, the bacterial plasma membrane becomes per-
meabilized and allows the release of functional proteins
during bacteriophage-mediated lysis (Wang et al. 2000;
Bayles 2007). In canonical phage lysis, the holin, a small
membrane protein, is one of two phage-encoded effectors
essential for host lysis (Altman et al. 1983; Wang et al.
2000). The other effector, endolysin, is a soluble cell wall-
degrading enzyme (Bienkowska-Szewczyk et al. 1981).
During the latent period of bacteriophage infection, the
holin accumulates in the cytoplasmic membrane until
under a genetically programmed schedule, forms homo-
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oligomers, and produces membrane holes large enough
for the nonspecific passage of endolysin (Wang et al. 2000;
Bayles 2007; Rice and Bayles 2008). Once across the cell
membrane, the endolysin degrades the cell wall, causing
an explosive disruption of the cell due to osmotic forces
(Grundling et al. 2001). The similarities between the
strategies used in MOMP during mammalian apoptosis
and holin-mediated bacterial cell death have been noted
earlier (Bayles 2007). In this study, we explore the func-
tional link between active Bax/Bak and the holin, char-
acterize the Bax/Bak-mediated lesions in the bacterial
membrane, and investigate the involvement of Bax heli-
ces in the control of the membrane pores.

Results

An active mutant of Bax (miniBax) displayed
holin-like behavior, causing rapid bacterial lysis

In our earlier study, a truncation mutant of Bax contain-
ing helices 2-5 and helix 9 was found to be constitutively
active in inducing apoptosis in Bax/Bak double knockout
(DKO) cells (George et al. 2007). We named this mutant
“miniBax” (Fig. 1A) due to its much reduced size and the
retained apoptotic activity in the DKO cells as compared
with full-length Bax (George et al. 2007). Due to numez-
ous failed attempts to construct a plasmid intended for
expressing miniBax in bacterial extracts, we suspected
that an unintended expression of miniBax might have an
adverse effect on the growth of the competent Escher-
ichia coli cells used in the ligation procedures, consistent
with a toxic effect of Bax on bacteria reported earlier
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Figure 1. An active Bax mutant displays a holin-like bacterial
lysis activity. (A) Diagram of Bax and miniBax. (B) Behavior of
miniBax, Bax, and S105 in the pET system. BL21(DE3)pLysS
E. coli transformed with the pET24b vector or pET24b con-
structs expressing F-miniBax, F-Bax, or S105-Flag were grown to
Ass0 ~0.3. Following the addition of IPTG (0.3 mM), Asso was
measured at 5-min intervals. After 1 h, the cultures were harvested
and subjected to SDS-PAGE, followed by Western blot with an
a-Flag antibody.
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(Asoh et al. 1998). We therefore cloned the N-terminally
Flag-tagged miniBax gene or a similarly tagged full-length
Bax gene into a pET vector in which the expression of the
target protein in E. coli is under the tight control of an
isopropyl B-D-thiogalactopyranoside (IPTG)-inducible
promoter. As shown in Figure 1B, with the empty vector
as a negative control, the IPTG-induced expression of
Bax initially caused a reduced growth rate, followed by
a gradual decrease in Ass during the 75-min time-course
experiment, indicative of a partial bacteriolytic activity.
In contrast, the expression of miniBax caused a dramatic
drop in optical density ~10 min after IPTG induction (Fig.
1B). Strikingly, the culture became clear and viscous,
highly reminiscent of bacterial lysis caused by phage in-
fection. However, an involvement of contaminating bac-
teriophages in this “culture clearing” phenomenon is un-
likely due to the dependence on IPTG-induced miniBax
expression (Fig. 1B). In this system, it appears that miniBax
is serving as a holin to release the T7 endolysin produced
during the BL21(DE3)pLysS induction. In fact, expression
of a C-terminally Flag-tagged S105, the phage \ holin, in
the same context also caused a precipitous drop in Assg,
albeit at a later time (~30 min) (Fig. 1B).

Functional replacement of holin S105 by miniBax
during bacterial lysis

To explore the functional link between miniBax and holin
S105, we resorted to an inducible system in which the
coupled expression of a holin and an endolysin (R) gene
causes bacterial lysis. This system is comprised of the
plasmid pS105 or its derivatives and the A(SR) E. coli
cells. The pS105 plasmid (Fig. 2A) contains the well-
characterized \ lysis cassette, consisting of the lysis genes
§105, R (endolysin), Rz, and Rz1, downstream from its
native \ late promoter, pR’ (Chang et al. 1995; Smith et al.
1998). The A(SR) cells harbor a thermally inducible A
prophage, which is lysis-defective due to deletions of both
S (S105) and R genes. When carried in the A(SR) cells,
pS105 directs the expression of the lysis cassette genes
upon thermal induction of the prophage, which supplies
the late gene activator Q and transactivates the pR’
promoter on the plasmid. As expected, when this system
is induced with pS105 or a version in which the S105 gene
has been altered to encode a Flag-tagged product (pS105-
Flag), abrupt lysis is observed at 30 and 35 min after
induction, respectively (Fig. 2B), whereas no lysis is ob-
served for pSam7, which is identical to pS105 except for
a nonsense mutation in the S105 gene.

By placing the miniBax gene in the same genetic
background as S105, the behaviors of these two proteins
in bacteria can be directly compared. We therefore gen-
erated an isogenic construct based on pS105, replacing
8105 with the reading frame of Flag-miniBax (Fig. 2A).
Upon thermal induction, this construct showed an abrupt
culture-wide lysis, starting at ~10 min during thermal
induction (Fig. 2B). To test the requirement of the endo-
lysin for the observed lysis, we introduced stop codons in
the R gene in both pS105-Flag and pS-F-miniBax (Fig. 2C).
As shown in Figure 2D, the null mutations of R in both
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Figure 2. MiniBax functionally replaces bacteriophage holin (S105), causing endolysin- dependent lysis of A(SR) cells. (A) Diagram for the
construction of the pS105-based isogenic plasmid replacing S105 with F-miniBax. The DNA segment encoding the first 92 amino acids of
S105 in the S105/R lysis cassette within the plasmid pS105 was replaced by the reading frame of F-miniBax. (B) Lysis of A(SR) cells by the
miniBax/R cassette. The plasmid pSam?7 is identical to pS105 except for an Amber mutation in the S105 gene that abolished S105
expression. Upon reaching Assg ~0.3, the A(SR) cells carrying the indicated plasmids were induced by thermal induction for 15 min at
42°C, followed by aeration at 37°C. Asso was measured for each culture at 5-min intervals. The cultures were harvested as described in the
Materials and Methods and subjected to SDS-PAGE and Western blot with an a-Flag antibody. (C) Diagram of the lysis cassettes of S105
and F-miniBax with or without functional endolysin (R). (D) Lysis phenotypes of the lysis cassettes listed in C in A(SR) cells. Expression of
the indicated proteins was detected by Western blot with an a-Flag antibody. (E) Diagram of truncation mutants of miniBax. These
miniBax mutants were cloned into the pS105 plasmid by the same strategy as shown in A. (F) Lysis induced by miniBax and its truncation
mutants in A(SR) cells was measured the same way as in B. The expression of these mutants was detected by Western blot with an a-Flag
antibody. (G) A(SR) cells carrying either pS-F-miniBax or pS-F-miniBaxH3A were monitored by time-lapse microscopy. Still images of the
cells undergoing lysis at different time points are shown. The real-time videos are provided in Supplemental Movies S1 and S2.
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plasmids completely abolished the lysis, indicating that
lysis activities of both S105 and miniBax are strictly
dependent on the release of the cytoplasmic endolysin R.
Furthermore, in the absence of endolysin, both S105 and
miniBax caused an abrupt cessation of cell growth, in-
dicative of the triggered formation of lethal membrane
lesions (Fig. 2D). Thus, miniBax complements S105 activity.

To further test the specificity of the lysis activity of
miniBax, we constructed pS105-based isogenic con-
structs expressing miniBax mutants that lack each of
the five helices (Fig. 2E). Alleles lacking helix 2 (BH3), 5,
or 9 exhibited no lysis activity (Fig. 2F). In contrast,
mutants in which helix 3 or 4 was replaced by oligo-Ala
sequences (miniBaxH3A and miniBaxH4A, respectively)
showed lysis kinetics comparable with that of S105,
albeit delayed as compared with that of miniBax (Fig.
2F). Time-lapse microscopy was also used to monitor the
bacterial lysis by miniBax and miniBaxH3A. In both
cases, the lysis event required only a few seconds after
onset of morphological change, as observed previously
with S105 (Fig. 2G; Supplemental Movies S1, S2; Grundling
et al. 2001). These results demonstrate that miniBax can
functionally replace S105 in mediating a triggered bacte-
rial lysis, and that helices 2, 5, and 9 are absolutely
required for this activity. Furthermore, these lysis phe-
notypes correlate well with the apoptotic activity of these
proteins in Bax/~/Bak '~ DKO cells (George et al. 2007).
It is worth noting that miniBaxH4A showed robust
bacterial lysis, although somewhat delayed as compared
with miniBax and miniBaxH3A (Fig. 2F), whereas it
displayed a reduced apoptosis phenotype in the DKO
cells (George et al. 2007). This partial exception may be
due to the differential level of expression of this mutant
in the two systems.

Next, we examined the membrane localization of
miniBax and its truncation mutants by cell fractionation.
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As shown in Supplemental Figure S1, the majority of
miniBax, miniBaxH3A, and especially miniBaxAH2 are in
the membrane fraction, but with a small fraction in the
cytosol. While miniBaxH4A displays a decreased level of
membrane localization, deletion of helix 5 or 9 shows
a predominantly cytosolic localization, suggesting that
helices 4, 5, and 9 contribute to the targeting of miniBax
in the context of the bacterial cell.

Bacterial Iysis activity of miniBax is dependent
on homo-oligomerization

Homo-oligomerization has been shown to be critical for
the apoptotic activity of Bax/Bak (Antonsson et al. 2001;
George et al. 2007; Dewson et al. 2008) and for S105
(Grundling et al. 2000Db). In addition, the BH3 domain
(helix 2) has been shown to be critical for homo-oligo-
merization of Bax/Bak (George et al. 2007; Dewson et al.
2008). We therefore examined the role of the BH3 do-
main in the bacterial lysis activity of miniBax. As
shown in Figure 3A, unlike miniBax, the mutants that
contain either a L63P or L63E missense mutation in the
BH3 domain were lysis-defective, despite unperturbed
membrane targeting (Supplemental Fig. S2). The homo-
oligomerization of these proteins was examined by BMH
(bis-maleimidohexane)-mediated cross-linking. To avoid
the potential nonspecific effects on homo-oligomerization
by bacterial lysis, the BMH assay was carried out in an R~
background. Both BH3 mutants lost the triggering phe-
notype (Supplemental Fig. S2A) and were detected pre-
dominantly in the membrane fractions (Supplemental
Fig. S2B). Not surprisingly, miniBax displayed a robust
homo-oligomerization, whereas little or no homo-oligo-
merization was detected for the two BH3 mutants (Fig.
3B). These results indicate that homo-oligomerization
is essential for the bacterial lysis activity of miniBax,
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Figure 3. Dependence of the bacterial lysis activity of miniBax on homo-oligomerization. (A) Lysis phenotypes of miniBax and its two
BH3 mutants, miniBaxL63E and miniBaxL63P, in A(SR) cells. The expression of these proteins was detected by Western blot as carried
out in Figure 2B. (B) Homo-oligomerization of miniBax and its mutants. BMH cross-linking was carried out as described in the
Materials and Methods, followed by SDS-PAGE and Western blot analysis with an «-Flag antibody. The asterisk (*) stands for

nonspecific protein.
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similar to its role in full-length Bax-mediated mitochon-
drial damage and apoptosis.

Active mutants of Bax and Bak, but not any other Bcl-2
family member, are competent for bacterial lysis

In view of the sequence and structural homology among
the Bcl-2 family members, we generated isogenic con-
structs based on pS105, replacing S105 gene with the
reading frame of each Bcl-2 family protein (Fig. 4A), and
tested them for bacterial lysis activity in the A(SR) cells.
Of the 10 BH3-only proteins, including truncated Bid
(tBid), the active form of Bid, none showed lysis activity
(Fig. 4B,C). We next tested the Bax/Bak proteins, which are
considered to act as gateway proteins for mitochondria-
dependent apoptosis (Wei et al. 2001). Due to the close
sequence and structural homology between Bax and Bak,

A ‘2 {
pS-F-Bcl-2 family SD_| Bcl-2 family protein

we also generated the corresponding “miniBak,” which
contains helices 2-5 of Bak fused to the helix 9 of Bcl-xL,
a well-characterized mitochondrial targeting sequence
(Fig. 4E; Kaufmann et al. 2003). In addition, a Bak mutant
that lacks only helix 1 (BakAH1), which showed consti-
tutive apoptotic activity in Bax/Bak DKO cells, was
generated in the pS105 replacement system. While full-
length Bax displayed a much delayed lysis phenotype as
compared with that of miniBax, full-length Bak failed to
show any lysis activity. In contrast, miniBak, especially
BakAHI1, showed a potent lysis activity (Fig. 4D,E). Lastly,
when the anti-apoptotic Bcl-2 proteins were tested, none
showed any lysis activity (Fig. 4F,G). However, since
Bel-xL and Bax share similar 9-a helix structures, we
asked whether an arrangement of the Bcl-xL helices
similar to that of miniBax would result in an “active”
Bcl-xL mutant. We therefore generated “miniBcl-xL,”
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Figure 4. Lysis of A(SR) cells by active mutants of Bax or Bak, but not by any other Bcl-2 family protein. (A) Diagram for the
replacement of the first 92 amino acids of S105 by Bcl-2 family proteins in the S105/R lysis cassette in pS105. (B) Lysis curves for the
BH3-only proteins were measured as in Figure 2B. (C) Expression of the indicated BH3-only proteins in A(SR) cells. Protein samples from
cells expressing F-Bid, F-BimEL, F-Bmf, and F-Bik were diluted 1:10. Protein samples from F-Bnip3 and F-Noxa were diluted 1:5. The
asterisk (*) stands for nonspecific protein. (D) Lysis phenotypes of the Bax/Bak and their mutants in A(SR) cells. (E) Expression of Bax/
Bak and their mutants. Due to low expression, the protein sample from F-BakAH1-expressing cells was concentrated fourfold. The
asterisk (*) stands for nonspecific protein. Diagrams of miniBax, miniBak, and BakAH1 are shown at the bottom. (F) Lysis phenotypes of
anti-apoptotic Bcl-2 family proteins. (G) Expression of the indicated anti-apoptotic Bel-2 family proteins. Protein samples from cells
expressing these proteins were diluted 1:20 as compared with F-miniBax. A diagram of a truncation mutant of Bel-xL, “miniBcl-xL,” is

shown at the bottom.
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which contains helices 2-5, and 9 of Bcl-xL in the
chimeric lysis cassette (Fig. 4G). Despite a higher level
of expression than that of miniBax, miniBcl-xL did not
cause lysis in A(SR) cells (Fig. 4FG). Together, these
results strongly suggest that, among the Bcl-2 family
members, the holin-like bacterial lysis activity is specific
for the active Bax/Bak proteins.

Generation of chimeric phages by replacing S105
with mutants of Bax/Bak in the A genome

A more stringent test for the functional homology be-
tween miniBax and S105 would be to examine the
generation of recombinant phages that contain miniBax
in the place of S105 in the A genome. A convenient way to
assess this is to quantify the production of plaque-form-
ing units (PFUs) from the inductions described above,
relying on homologous recombination in the induced
cells to generate chimeric phages (Zheng et al. 2008). To
our surprise, while A(SR) cells harboring the pS105
cassette produced large numbers of plaques, cells harbor-
ing the pS-F-miniBax plasmid failed to produce any
plaques, despite complete lysis following thermal in-
duction (Fig. 5B,C). Considering the observation that
miniBax causes lysis consistently earlier than S105 (Fig.
2), we reasoned that the early lysis induced by miniBax
may not allow enough time for the packaging of the
chimeric phage particles. To test this possibility, it is
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necessary to generate mutants of Bax or Bak that exhibit
delayed onset of lysis, preferably similar to the lysis timing
of S105. Three mutants in our collection—miniBaxH3A,
BaxAHG6 (George et al. 2007, 2010), and miniBak (Fig. 5A)—
were compared with miniBax in the lysis assay. Following
thermal induction, these alleles exhibited retarded onset
of lysis as compared with miniBax (Fig. 5B). Strikingly,
with all three alleles, the ability to support the generation
of plaque-forming recombinants was similar to that of
S105 (Fig. 5C; Supplemental Table S1). Furthermore, these
chimeric phages were able to generate lysogens express-
ing the relevant proteins (Supplemental Fig. S3). For
unclear reasons, however, the plaques from these alleles
were consistently smaller in size than those from
S105 (Fig. 5C). Together, these results indicate that
Bax/Bak mutants with lysis times comparable with S105
can replace the latter in vivo for the generation of
viable phages.

Sizing the holes produced by active Bax mutants

Our results indicate that active Bax, like S105, can form
membrane lesions that allow the release of a functional
endolysin (Figs. 2-5). We next set out to address the size of
these lesions. The earliest estimates of the S105 lesion
size were obtained by characterizing the lytic function of
recombinant phages in which the R endolysin gene (158
amino acids) was fused in-frame to the full-length lacZ

Figure 5. Replacement of the holin gene by functional Bax/Bak mutants generates viable chimeric X phages. (A) Diagrams of Bax and
Bak mutants. These mutants were cloned into the pS105 plasmid as shown in Figure 2A to replace S105. (B) Lysis phenotypes of the
indicated Bax/Bak mutants. Expression of the indicated Bax and Bak mutants in A(SR) cells was detected by Western blot with an a-Flag
antibody as carried out in Figure 2B. (C) Plaque formation by Bax/Bak mutants. At 75 min, the cultures were centrifuged at 22,000g for
10 min, and the supernatant was assayed for plaque formation using the MC41004tonA as indicator cells as described in the Materials

and Methods.
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gene (1024 amino acids) (Wang et al. 2003). The chimeric
R-LacZ product was shown to have normal B-galactosi-
dase activity and formed a stable tetramer of >500 kDa
(Wang et al. 2003; Matthews 2005). Despite the gross
increase in the size of the endolysin, S105 retained the
ability to allow the release of R-LacZ into the periplasm,
as judged by the full plaque-forming ability and lytic
function of the recombinant phage (Wang et al. 2003). The
analogous F-miniBax/R-LacZ cassette was constructed
based on pS105/R-LacZ and tested in A(SR) cells for lytic
activity (Fig. 6A). Unlike S105/R-LacZ, lysis by F-miniBax/
R-LacZ or F-miniBaxH3A/R-LacZ is markedly impaired
(Fig. 6B). Since all three constructs showed comparable
levels of R-LacZ expression (Supplemental Fig. S4), these
results suggest that most of the holes induced by miniBax
or miniBaxH3A were not large enough to allow the
passage of the 500-kDa R-LacZ complex (Fig. 6B).

The above-mentioned possibility would predict that the
lysis defect of miniBax/R-LacZ or miniBaxH3A/R-LacZ
may be overcome by reducing the size of R-LacZ. We

Myc-R-LacZ
A pS105/R-LacZ [ ™gro8 —_—
pS105/R-LacZt1 — |87
pS105/R-LacZt2 -
pS-F-miniBax/R-LacZ miniBax
pS-F-miniBax/R-LacZt1
pS-F-miniBax/R-LacZt2 - = mmn
pS-F-miniBaxH3AR-LacZ [ =t
miniBaxH3A
pS-F-miniBaxH3A/R-LacZt1 e ——————

pS-F-miniBaxH3A/R-LacZt2

C yc-R-LacZ
pS105/R-LacZ _/w ~
s105 = 0 LacZ
P I
pS-F-miniBaxH3A/R-LacZ miniBaxH3A'
pS-F-BaxAH6/R-LacZ =
BaxAH6
pS-F-BaxAH6L63P/R-LacZ =t —
BaxAH6L63P
E Time
(min) 0 15 30 45 60 75
_ — — — — — WB:oc-Myc
kD spspsPSPSPSP
150 - i
S105/R-LacZ 100 — - Myc-R-LacZ
150 -
F-miniBaxH3A/R-LacZ 100 - BN Myc-R-LacZ
F-BaxAH6/R-LacZ :327 = o wmws  ®w Myc-R-lacZ
F-BaxAHBL63P/R-LacZ :gg_ - = W= MycRLlaZ

therefore constructed F-miniBax/R-LacZt1 and F-miniBax/
R-LacZt2 cassettes, which express R-LacZ fusion proteins
with 497 amino acids and 8 amino acids, respectively, from
the N terminus of B-galactosidase following the reading
frame of R (Fig. 6A). Indeed, while miniBax/R-LacZtl
shows a weak but somewhat improved lysis as compared
with that of miniBax/R-LacZ, miniBax/R-LacZt2 regains
full lytic activity (Fig. 6B). These results indicate that the
induced miniBax hole is not much in excess of the size
required for the passage of the monomeric R endolysin
(16 kDa) and nonpermissive even for an R endolysin with
an ~50-kDa addition (R-LacZtl). Similar results were
obtained with miniBaxH3A in conjunction with different
R-LacZ derivatives (Fig. 6B). These results strongly suggest
that the majority of the membrane holes generated by
miniBax and miniBaxH3A are significantly smaller than
those generated by S105.

In theory, an alternative strategy to rescue the lysis
defect of miniBax/R-LacZ or miniBaxH3A/R-LacZ is to
increase the size of the hole. Considering the extensive
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Figure 6. Sizing the membrane holes induced by active Bax mutants through the R-LacZ fusion proteins. (A) Diagram of the various
lysis cassettes with LacZ or its truncation mutants fused to the reading frame of R. The R-LacZ fusion protein has a Myc tag on the N
terminus. R-LacZt] is the fusion between R and the first 497 amino acids of LacZ. R-LacZt2 is the fusion between R and the first 8
amino acids of LacZ. (B) Lysis curves of the different lysis cassettes listed in A in A(SR) cells. (C) Diagram of the lysis cassettes
expressing Bax mutants in conjunction with R-LacZ. (D) Lysis curves of the indicated Bax mutants with R-LacZ cassettes in A(SR) cells.
(E) A(SR) cells carrying the indicated plasmids were thermally induced. At the indicated time points, 1-mL samples of the culture were
collected and pelleted by centrifugation at 22,000g at 4°C. The supernatant (S) and the pellet (P), which was resuspended in 1 mL of EBC
buffer, were loaded onto SDS-PAGE followed by Western blot analysis with an a-Myc antibody.
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deletion of helices from Bax that resulted in miniBax, we
wanted to test the possibility that Bax mutants with
fewer deletions might support the formation of larger
holes. We therefore replaced S105 in pS105/R-LacZ with
another active Bax mutant, BaxAH6 (Fig. 5A), which
contains three additional helices as compared with
miniBax (Fig. 6C). Unlike miniBaxH3A, BaxAHG6 was
proficient in lysis under the R-LacZ background, whereas
its BH3 mutant, BaxAH6LG63P, failed to cause lysis in the
same setting (Fig. 6D). This is in contrast to the observa-
tion under the R background, in which miniBaxH3A
showed an even earlier lysis than BaxAH6 (Fig. 5B). In
addition, we also monitored the release of the soluble
R-LacZ fusion protein into the culture medium during
induced lysis. As shown in Figure 6E, similar to S105,
BaxAH6 was able to cause the release of R-LacZ
following thermal induction. In contrast, miniBaxH3 A
and BaxAHGLG63P were both unable to efficiently release
R-LacZ following thermal induction. Consistently, under
the R-LacZ background, the lysis defect was also observed
for another miniBax-derived mutant, miniBaxY!!>AF! 164
but not for full-length Bax (Supplemental Fig. S5). Taken
together, these results suggest that the minimum homo-
oligomerization domain (helices 2-5 in miniBax or
miniBaxH3A) (George et al. 2007) predominantly produces
membrane holes with sizes only comparable with the
endolysin (R), whereas additional helices (helices 1, 7,
and 8 in BaxAHG6) facilitate the formation of much bigger
holes, which allow the release of proteins as large as the
500-kDa LacZ tetramer (R-LacZ).

Regulation of the lysis activity of Bax parallels
the control of MOMP

As the apoptotic activity of Bax is regulated by other Bcl-2
family proteins, we set out to test whether the bacterial
lysis activity of Bax is similarly regulated. The phages
carrying Bax or its derivatives allowed for the generation
of lysogens with prophages directing the expression of the
corresponding proteins, albeit at a lower level. Expression
plasmids can then be introduced into these lysogens for
the coexpression of Bax or its derivatives with other
proteins. This lysogen-based coexpression system was
first used to test the effect of Bel-xL on the lysis activity of
active Bax mutants. MiniBaxH3A lysogens were gener-
ated through the corresponding recombinant phages (Fig.
5C). Subsequently, a plasmid expressing Bcl-xL was in-
troduced into these cells, in which both miniBaxH3A and
Bcl-xL were expressed following thermal induction. As
shown in Figure 7A, expression of Bcl-xL inhibited the
lysis activity of miniBaxH3A. In contrast, the expression
of GFP or a mutant Bcl-xL, Bcl-xLmt8, which was shown
to be defective in anti-apoptotic function (Cheng et al.
1996), had little effect. Similarly, Bel-xL showed a strong
inhibitory effect on the lysis mediated by BaxAH6 (Fig.
7B). The inhibitory effect of Bcl-xL on lysis is likely
through an inhibition on the homo-oligomerization of
the effectors. Indeed, using the BMH cross-linking assay,
we found that the homo-oligomerization of miniBaxH3A
was strongly inhibited by Bcl-xL, but not by GFP or Bcl-

Active Bax/Bak function as holins in bacteria

xLmt8 (Supplemental Fig. S6). These results suggest that
the anti-apoptotic Bel-2 family proteins inhibit the activ-
ities of Bax/Bak in bacteria.

Next, to test the potential regulation of the lysis
activity of Bax by the BH3-only proteins, we introduced
an expression plasmid for tBid or its BH3 domain mutants
into cells that contain a prophage expressing either
a nonsense mutant of holin S105 (Sam7 lysogen) or the
wild-type Bax (Bax lysogen). As expected, in the absence
of Bax (the Sam7 lysogen), tBid or its BH3 mutants,
tBidL9OE and tBidG94E, showed no lysis activity (Fig.
7D). When introduced into the Bax-expressing cells, tBid
greatly stimulated the lysis activity of Bax, whereas
tBidL9OE or tBidG94E displayed only minor effects,
suggesting that tBid stimulates the Bax-mediated lysis
through a BH3-dependent mechanism (Fig. 7E). Together,
these results suggest that the lysis activity of Bax is
regulated through mechanisms similar to those regulat-
ing it during MOMP.

Discussion

Here we present evidence that constitutively active
Bax/Bak proteins competent for mitochondrial damage
are capable of serving as holins in phage-mediated bacterial
cell lysis. These results suggest a mechanistic link be-
tween MOMP and hole formation in the bacterial mem-
brane and provide new perspectives on the size control of
the Bax/Bak-induced pore.

A close correlation between the apoptotic activity
of Bax/Bak in the DKO cells and their bacterial lysis
activity in bacteria

Activated Bax and Bak function as essential effectors in
MOMP and apoptosis by causing damage on the mito-
chondrial outer membrane (Wei et al. 2001; Youle and
Strasser 2008; Tait and Green 2010). In this study, we
demonstrate that the expression of active mutants of
Bax/Bak potently causes membrane lesions and the lysis
of bacteria. Of the entire collection of Bcl-2 family mem-
bers, only active mutants of Bax/Bak possess this novel
activity. In addition, miniBax and miniBak displayed
significantly more potent lysis activities as compared with
their respective full-length proteins (Fig. 4), consistent with
an activation of Bax or Bak through structural changes
(George et al. 2007). Furthermore, the apoptotic activity of
Bax in Bax/~/Bak™’~ DKO cells and the bacterial lysis
activity seem to be mediated essentially by the same
structural elements (Fig. 2; George et al. 2007). Of note,
similar to the regulation of the apoptotic activity of Bax in
the mammalian cells, the bacterial lysis activities of active
Bax mutants were found to be inhibited by Bcl-xL, and on
the other hand, the lysis activity of Bax is stimulated by
tBid in a BH3-dependent manner (Fig. 7). These results
strongly suggest that the apoptotic activity (MOMP-in-
ducing activity) of Bax/Bak is functionally equivalent to the
bacterial lysis activity. Thus, we speculate that the bacte-
rial system may be suitable for studying the regulation of
Bax and Bak by Bcl-2 or even non-Bcl-2 family proteins.
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Figure 7. Regulation of Bax-mediated bacterial lysis by Bcl-xL and tBid. (A) Suppression of miniBaxH3A-mediated bacterial lysis by
Bcl-xL. Lysis curves of F-miniBaxH3A lysogens carrying the indicated plasmids were measured at a 15-min interval. The expression of
Bcl-xL and Bel-xLmt8 at 15 min was detected using an a-Bcl-xL antibody, and the expression of miniBaxH3A was detected using an
a-Flag antibody. (B) Suppression of BaxAHG6-mediated bacterial lysis by Bcl-xL. (C) Lysis phenotypes of sam7 lysogen carrying the
indicated plasmids. The expression of tBid, its mutants, and Bax at 60 min was detected by Western blot with an «-Flag antibody. (D)
Lysis phenotypes of F-Bax lysogen carrying indicated plasmids. (E) A diagram depicting the functional homology between MOMP and

hole formation in bacterial membrane.

Active Bax and Bak as functional holins,
mechanistically linking MOMP and bacterial lysis

The holins constitute a large functional group of small
membrane proteins with diverse amino acid sequences
(Wang et al. 2000). To date, 105 known or putative holins
within >30 unrelated ortholog groups have been identi-
fied in bacteriophages. Most holins are <150 amino acids
in length, with two or three «-helical and hydropho-
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bic transmembrane (TM) domains followed by a short
C-terminal cytoplasmic domain enriched in basic resi-
dues. Importantly, holins share the ability to permeabilize
the bacterial cell membrane. Several salient features
are shared by Bax/Bak, especially active Bax/Bak (i.e.,
miniBax/Bak) and typical holins. These include the fol-
lowing: (1) MiniBax contains at least two bona fide
hydrophobic TM domains—helix 5 and helix 9, both of
which have been shown to insert into the OMM (Garcia-



Saez et al. 2004; Annis et al. 2005)—and a short stretch of
basic residues at the C terminus (Supplemental Fig. S7).
(2) Both miniBax/Bak and the canonical holin S105 are
primarily composed of a helices (Smith et al. 1998;
Grundling et al. 2000a). (3) Bax/Bak and S105 both exist
as monomer/dimers before triggering to a pore-forming
state, but require the formation of large homo-oligomers
in the membrane for function. (4) Both active Bax/Bak and
S105 inflict irreparable damages to the membrane in
a lethal process. (5) Both form large oligomeric membrane
pores that allow the escape of fully folded functional
proteins, which are effectors for downstream lethal
events. (6) Both proteins were shown to permeabilize
liposomes in a reconstituted in vitro system (Smith et al.
1998; Saito et al. 2000; Kuwana et al. 2002). (7) Both are
inhibited by closely related endogenous proteins: Bel-xL
and anti-holin, respectively (Wang et al. 2000; Rice and
Bayles 2008). It is worth noting, however, that Bax/Bak
showed at least one difference from a typical holin. The
holins are sensitive to the energization state of the
bacterial membrane, in that treatment with energy poi-
sons or uncouplers can trigger holin-mediated hole for-
mation prematurely (Wang et al. 2000), whereas active
Bax/Bak did not exhibit such a feature (data not shown).
The sensitivity to the membrane potential is thought to
be critical for the precise control of lysis timing in holins
(Wang et al. 2000). This appears to be absent in Bax/Bak,
which may partially account for the smaller plaque size of
the chimeric N Bax/Bak derivatives (Fig. 5). Nonetheless,
the common features and the functional replacement of
holin by active Bax/Bak in triggered bacterial lysis and
phage production strongly indicate that active Bax/Bak
are functional holins. Of note, when expressed in mam-
malian cells, S105 has been reported to cause a caspase-
independent and nonapoptotic cell death in eukaryotic
cells (Agu et al. 2007). It will be interesting to test
whether S105 can functionally replace Bax/Bak in the
mitochondrial pathway of apoptosis when it is properly
targeted to the mitochondria.

In the mitochondria-dependent pathway of apoptosis,
activated Bax/Bak causes the formation of nonspecific
OMM lesions of sufficient size to allow the nonspecific
egress of fully folded native proteins such as cytochrome
¢ and SMAC to initiate the caspase cascade. Similarly,
holins initiate the lysis pathway by formation of “holes,”
nonspecific lesions, in the cytoplasmic membrane, allow-
ing fully folded, active muralytic enzymes to escape and
attack the peptidoglycan cell wall (Fig. 7F). The func-
tional replacement of the effector for bacterial lysis
(holin) by the effector (active Bax/Bak) for MOMP sug-
gests a mechanistic link between these two operationally
similar processes.

The size control and composition of the pore

Although the observation of cytochrome c release from
mitochondria during apoptosis has been reported more
than a decade ago (Liu et al. 1996; Kluck et al. 1997; Yang
et al. 1997), efforts to define the physical nature of the
OMM pore have not been fruitful (Tait and Green 2010).

Active Bax/Bak function as holins in bacteria

The characterization of bacterial membrane lesions
caused by holins, however, has been more advanced. It
has been demonstrated that S105 allows the escape of
a tetrameric R-LacZ chimeric protein with a molecular
weight of ~500 kDa (Wang et al. 2003). Using the same
endolysin-LacZ chimera strategy, the miniBax deriva-
tives were found to exhibit relatively slow and incom-
plete lysis, suggesting that either the pores were rela-
tively small and restricted the egress of the chimeric
endolysin or the pore sizes were heterogeneous, with only
a subset of sufficient size. However, a full-length Bax
lacking only the helix 6 (BaxAH6) was proficient at lysis
with R-LacZ (Fig. 6). This suggests that the domains
deleted in our miniBax construct, although not essential
for holin-like function in bacteria or OMM permeabiliza-
tion in mitochondria, serve a modulating role in control-
ling the size of the hole. In support of this notion, full-
length Bax was previously found to be much more
efficient at making high-order oligomers in the OMM
than the miniBax constructs (George et al. 2007). The
simplest idea is that these modulating domains influence
the degree of homo-oligomerization that occurs before
concerted hole formation. Alternatively, these helices
may affect the architecture and shape of the hole. Of
importance, the novel notion that helices in Bax play
a role in modulating the size of the pore provides strong
support for the hypothesis that the membrane pores are
proteinaceous in nature and are composed of Bax/Bak
homo-oligomers (Tait and Green 2010).

Using electron microscopy and recombinant proteins
purified in nonionic detergent, Savva (et al. 2008) found
that functional S105 formed multimeric ring structures,
which likely reflect a minimum energy arrangement in
the membrane. In addition, recent cryo-electron micros-
copy and tomography studies revealed that the lesions
caused by holin S105 of phage \ could be visualized as
interruptions in the bilayer spanning very large areas of
the cytoplasmic membrane, averaging >350 nm in di-
ameter (Dewey et al. 2010). Assuming these lesions
correspond to the holes, this latter observation fully
accounted for the ability of holins to allow the rapid,
nonspecific escape of proteins not only of endolysins, of
which the N R endolysin, a soluble, 15-kDa monomeric
protein is typical, but also of much larger proteins, in-
cluding the ~500-kDa R-LacZ chimeras (Dewey et al.
2010). However, the lesions that are formed by the Bax
proteins in the bacterial cytoplasmic membrane do not
appear to be of the near micron-scale holes like those
formed by the S105 holin, since they could not be observed
using cryo-electron microscopy at a 50-nm resolution (data
not shown). Higher-resolution cryo-electron microscopy
and tomography studies should help uncover the physical
nature of active Bax/Bak and the membrane lesions.

Overall, results presented in this study establish a func-
tional homology between active Bax/Bak and bacterio-
phage holin. Considering the similarities and evolution-
ary relationships between bacteria and mitochondria, our
results also suggest that the phage/bacteria system is
potentially a powerful model system to study the mech-
anisms and regulation of MOMP.
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Materials and methods

Reagents and antibodies

The following chemicals were used in this study. These include
ampicillin (Fisher Scientific), kanamycin (Fisher Scientific),
IPTG (Acros Organics), maltose (Fisher Scientific), and BMH
(Pierce Biotechnology). The antibodies used are anti-Flag anti-
body (Sigma), a-Myc antibody (Santa Cruz Biotechnologies, Inc.),
and a-Bcl-xL antibody (Cell signaling Technology, Inc.).

Bacterial strains and culture growth

Bacterial strains used in this study include BL21(DE3)pLysS
(Novagen), MC4100[\A(SR)] (Smith et al. 1998; Grundling et al.
2001), and MC41004tonA (Zheng et al. 2008) . For convenience,
MC4100[\A(SR)] cells were referred to as A(SR) cells in this
study. Bacterial cultures were grown in LB medium supple-
mented with 50 pg/mL kanamycin or 100 pg/mL ampicillin as
appropriate. Lysis curves were obtained by measuring Assg after
IPTG or thermal induction. Since the plasmids containing
cDNA of Bax were easily mutated after overgrowth of the host
(Asoh et al. 1998), all of the cultures used for the lysis study
avoided the stationary state. Briefly, cells from a single colony
were inoculated into a 5-mL culture, grown until Asso reached
~1.0, and kept at 4°C overnight. The culture was diluted into
a 25-mL volume of medium to achieve a starting Asso of ~0.04.
BL21(DE3)pLysS cells carrying pET24b*-derived plasmids were
grown at 37°C and induced by IPTG (0.3 mM) at Assq ~0.3. For
lysis curves of A(SR) cells carrying pS105-derived plasmids,
cultures were grown at 30°C until Assg ~0.3, thermally induced
by aeration for 15 min at 42°C, and aerated at 37°C thereafter.

Plasmid construction

The parental plasmids used in this study are pET24b(+) (Nova-
gen), pS105 (Smith et al. 1998), or pS105/R-LacZ, which was
called pS105mycRelacZ in an earlier study (Wang et al. 2003).
The pS105 plasmid is a medium-copy-number vector with the
entire A SRRzRz1 lysis cassette placed downstream from S gene’s
native pR’ promoter. This plasmid and its derivatives were
carried in a lysogenic host, A(SR) cells, and expression of genes
in the lysis cassette was induced by thermal induction from the
prophage, which supplied the late gene activator Q to trans-
activate the pR’ promoter on the plasmid. The pS105/R-LacZ
plasmid was identical to pS105, except that the R gene was
replaced by the cDNA encoding a c-Myc-tagged R fused to the
LacZ reading frame (Wang et al. 2003). Newly constructed
plasmids were created by site-directed mutagenesis using the
QuickChange kit from Stratagene or by ligation and were
verified by DNA sequencing. Detailed descriptions of these
constructs are provided in the Supplemental Material.

Bacterial extracts for SDS-PAGE and Western blot

Unless otherwise indicated, the cells in 1 mL of culture were
collected by centrifugation following thermal induction by
centrifugation at 22,000g for 10 min at 4°C 1 h after induction
by IPTG or by thermal shift. The cell pellets were lysed in EBC
buffer (0.5% NP-40, 120 mM Tris-HCl at pH 7.5, 120 mM NaCl,
1 mM EDTA) for 1 h at 4°C with gentle rotation. The extracts
were cleared by centrifugation at 22,000g for 20 min. The
supernatant was mixed with 4 X SDS sample buffer and subjected
to SDS-PAGE. For Figure 2D, the EBC lysates were directly
mixed with 4x SDS protein sample buffer and subjected to SDS-
PAGE without removing the pellet.

2288 GENES & DEVELOPMENT

Time-lapse microscopy

Cultures of A(SR) cells transformed with pS-F-miniBax or pS-F-
miniBaxH3A were grown to Assg ~0.3 at 30°C, induced for 15
min at 42°C, and then grown at 37°C, as described above, except
for the pS-F-miniBax cultures, which were induced for only 5
min at 42°C. Ten-microliter aliquots of the culture were col-
lected ~5 min before the onset of lysis (as judged from lysis
curves) and placed on preheated microscope slides (37°C). Cells
were visualized at 400X magnification by phase-contrast illu-
mination on a Zeiss Axio Observer inverted microscope and
recorded at 4 frames per second until the end of the experiment.
Videos were processed using the AxioVision software from Zeiss.

R-LacZ release assay

Cultures of A(SR) cells carrying the indicated plasmids in Figure
6D were thermally induced as described before. Samples from
1 mL of culture each were collected at the indicated time points
and precipitated by centrifugation at 22,000g for 10 min at 4°C.
The pellet was then lysed in 1 mL of EBC buffer for 1 h with
gentle rotation at 4°C. Equal volumes of the supernatant and
lysate of the pellet were mixed with 4X SDS sample buffer and
subjected to SDS-PAGE. R-LacZ was detected by an a-c-myc
antibody.

Plaque-forming assay

Recombinant phages were isolated from lysates of thermally
induced A(SR) cells carrying pS105-derived plasmids as described
earlier (Zheng et al. 2008). Briefly, the lysates were collected at
75 min by centrifugation at 22,000g for 10 min at 4°C. The
supernatant was diluted in 300 pL of SM buffer (100 mM NaCl,
10 mM MgSQy4, 50 mM at pH 7.5 Tris-Cl) plus gelatin (0.01%
w/v) and mixed with another 300 wL of a culture of MC41004 tonA
(Asso ~0.6, freshly grown in LB supplemented with 10 mM
MgSO,, 0.2% maltose). As a negative control, SM buffer plus
gelatin without lysate was also mixed with MC4100AtonA cells.
After 25 min at room temperature, the mixtures were added to 10
mL of LB-agar (LB with 0.5% agar, 10 mM MgSQy) on a 10-cm
plate and incubated for 12-16 h at 37°C.

Generation of lysogens by recombinant A phage
and induction

Individual plaques of recombinant N phage were picked by
pipette and washed out into the tube by 500 pL SM buffer.
Bacteriophage particles were allowed to diffuse into the SM
buffer from the agar by gentle shaking for 2-3 h at room
temperature. One-hundred microliters of the bacteriophage
suspension was diluted in SM buffer with gelatin and subjected
to plaque-forming assay. The whole plate of bacteriophage
plaques were eluted with 5 mL of SM buffer. Phages, which
were purified by replating and picked again three times, were
then used to lysogenize MC41004AtonA cells. Lysogens were
selected by plating infected cells on plain LB plates at 30°C and
were screened by PCR for the presence of prophage. Lysogens
carrying indicated plasmids were also grown and thermally
induced as described earlier for A(SR) cells. Ass of each culture
was measured at 15-min intervals.

BMH cross-linking

Expression from the plasmids pS-F-miniBax/R~, pS-F-miniBaxAH2,/
R, and pS-F-miniBaxL63P/R~ was induced in A(SR) cells at As5o
~0.3. At 45 min, cultures from 50 mL were passed through



EmulsiFlex-C5 twice at the pressure of 16,000 psi. The mem-
branes were collected by ultracentrifugation at 100,000g for
60 min at 4°C and resuspended in 250 pL of PBS. For the cross-
linking reaction, the protein amount used of each reaction was
adjusted by normalizing cell amount and assessed as total Assg
units collected. Typically, a final reaction mixture of 50 pL
with or without BMH (0.2 mM) was incubated for 1 h at room
temperature with gentle shaking. The reaction was stopped by
the addition of DTT (50 mM) and incubation for another 15 min
at room temperature. The membranes were collected again by
ultracentrifugation as described above and solubilized by EBC
buffer for 1 h at 4°C with gentle rotation. The insoluble material
was removed by centrifugation at 22,000¢ for 20 min at 4°C. The
soluble fraction was mixed with 4 X SDS sample buffer, subjected
to SDS-PAGE, and analyzed by Western blotting with an anti-
Flag antibody.
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