
intact BAX genes from NSAID-mediated ap- 
optosis. This prediction was confirmed by 
introducing a Bcl-X, expression vector into 
HCT116 cells and assessing colony forma- 
tion after treatment with NSAIDs (Fig. 4D). 

It was not expected that deletion of a 
single gene could so profoundly affect cell 
death in a human cancer cell. Previous exper- 
iments have shown that NSAIDs induce het- 
erogeneous changes in human tumor cells, 
including growth arrest, apoptosis, and necro- 
sis (21). Despite this heterogeneity, we found 
that most colorectal cancer cell lines exhibit- 
ed markedly similar changes in BAX:Bcl-X, 
ratios, whereas the others died through mech- 
anisms that were independent of BAX:Bcl- 
X,. Furthermore, the importance of BAX was 
rigorously demonstrated in HCT 1 16 cells 
through three different approaches for gener- 
ating cells with disrupted BAX genes. In ad- 
dition to their implications for understanding 
basic determinants of drug responsiveness in 
human cancer cells, these results may have 
important clinical implications. It is currently 
believed that chemoprevention offers the best 
hope for nonsurgical management of patients 
with hereditary predispositions to colorectal 
cancer. The most common form of such pre- 
disposition is hereditary nonpolyposis colo- 
rectal cancer, which is caused by defects in 
mismatch repair (22).Our results suggest that 
such tumors may easily develop resistance to 
NSAIDs through an inherent instability in the 
mononucleotide tract in BAX. By analogy 
with the successful strategy used to combat 
the highly mutable retroviruses that cause 
acquired immunodeficiency syndrome (23),  
it may therefore be important to consider 
combinations of chemopreventive drugs, 
rather than single agents, in such patients. 

Note added in proo$ It has recently been 
shown that tumor cells without BAX undergo 
less apoptosis when xenografied in mice (27). 
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A PEST-Like Sequence in 

Listeriolysin 0 Essential for 


Listeria monocytogenes 

Pathogenicity 

Amy L. ~ecatur' and Daniel A. Portn~y'*~*  

Establishment and maintenance of an intracellular niche are critical t o  the 
success of an intracellular pathogen. Here, the pore-forming protein listeriolysin 
0 (LLO), secreted by Listeria monocytogenes, was shown t o  contain a PEST-like 
sequence (P, Pro; E, Clu; 5, Ser; T, Thr) that is essential for the virulence and 
intracellular compartmentalization of this pathogen. Mutants lacking the PEST- 
like sequence entered the host cytosol but subsequently permeabilized and 
killed the host cell. LLO lacking the PEST-like sequence accumulated in  the 
host-cell cytosol, suggesting that this sequence targets LLO for degradation. 
Transfer of the sequence t o  perfringolysin 0 transformed this toxic cytolysin 
into a nontoxic derivative that facilitated intracellular growth. 

Intracellular pathogens reside in specific cel- genesis. Although we know little of the mo- 
lular compartments, e.g., a modified phago- lecular mechanisms by which intracellular 
some (Mycobacterium tuberculosis) (I), the pathogens achieve compartmentalization, one 
Golgi apparatus (Chlamydia trachomatis) emerging theme is that pathogens exploit the 
(2) ,  or the cytosol (L. monocytogenes) (3) .  existing cellular machinery of the host (4). 
How pathogens establish and maintain these The secreted pore-forming protein LLO of 
intracellular niches is the essence of patho- the facultative inhacellular bacterial patho- 

gen L. monocytogenes is an essential vim- 
fence determinant that allows the bacterium 

'Department of Molecular and Cell Biology, *Division 
of Infectious Diseases, School of Public Health, Uni- to escape from the host vacuole and reach the 
versity of California, Berkeley, CA 94720. USA. host cyt0~01 (5 ) .  Although LLO is produced 
*To whom correspondence ;hould be addressed. E- by bi ter ia  in both the %osol and ;he vatu-
mail: portnoyOuclink4.berkeley.edu ole, LLO activity is restricted to the vacuolar 
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compartment (6, 7) .  In contrast, L. monocy-
togenes that are engineered to produce a re- 
lated pore-forming protein, perfringolysin 0 
(PFO), from the extracellular pathogen Clos-
tridium perfringens, escape from the vacuole 
but subsequently lyse the plasma membrane 
and kill the host cell (8). Thus, LLO is 
unique, not in its ability to mediate vacuolar 
escape, but in its lack of host-cell toxicity. 

To identify features of LLO that might 
mediate its compartment-specific activity, we 
compared the LLO and PFO primary se-
quences (9). LLO and PFO have 43% se-
quence identity and 70% sequence similarity. 
However, LLO contains a 27-amino acid 
sequence in its NH,-terminus that is absent 
from PFO (Fig. 1A). Within this unique re- 
gion is a 19-amino acid PEST-like sequence 
(10). PEST sequences are thought to target 
eukaryotic proteins for phosphorylation and/ 
or degradation (10, 11) and, more generally, 
may represent sites of protein-protein inter- 
action. We considered the possibility that the 
PEST-like sequence of LLO may target this 
potentially toxic bacterial protein for degra- 
dation, and thus inactivation, specifically 
within the host-cell cytosol. 

To determine if the PEST-like sequence 
of LLO is important for L. monocytogenes 
pathogenicity, we generated a 26-amino acid 
in-frame deletion that removed the PEST-like 
sequence (Fig. 1A) and introduced the result- 
ing allele onto the L. monocytogenes chromo-
some in place of the wild-type allele (strain 
DP-L4042) (12). In vitro, the mutant protein 
(LLOA26) exhibited full hemolytic activity 
(Table 1). However, in a murine model of 
infection, strain DP-L4042 was four orders of 
magnitude less virulent than wild-type bacte- 
ria (Table 1). 

To understand whv the mutant bacteria 
were less virulent in vivo, we examined the 
interaction of these bacteria with macro-
phages in vitro. Subsequent to internalization, 
the mutant bacteria escaped from host phago- 
somes with an efficiency similar to that of 
wild-type bacteria (Table 1). However, dur- 
ing the first 6 hours of intracellular growth, 
wild-type bacteria doubled approximately 
five times, whereas bacteria producing either 
LLOA26 or PFO showed a 1000-fold de- 
crease in colony forming units (Fig. 1B). In 
contrast, bacteria that did not produce any 
cytolysin remained trapped, but viable, in 
phagosomes of the nonbactericidal J774 cells 
(Fig. 1B). Because the antibiotic gentamicin 
was added to the tissue culture media 30 min 
after bacterial internalization, these results 
suggest that, like PFO, LLOA26 permeabil- 
ized the host plasma membrane and conse- 
quently allowed gentamicin access to the in- 
tracellular bacteria. 

Upon visualization of infected macro-
phages, it was clear that bacteria producing 
LLOA26 were toxic to their host cells in a 

manner that was inversely correlated to the mammalian cells are able to patch holes in 
presence of gentarnicin. Thus, in the absence their plasma membrane (13), we speculate 
of gentamicin, virtually all macrophages in- that most infected macrophages recovered 
fected with the mutant bacteria were dead by when gentamicin was present to kill the 
6 hours after infection, as indicated by their LLOA26-producing bacteria. 
dark condensed nuclei and loss of membrane To measure cytotoxicity directly, we 
integrity (Fig. 2C). In contrast, infections car- monitored the release of a host cytosolic en- 
ried out in the presence of gentamicin re- zyme, lactate dehydrogenase (LDH), into the 
vealed that, although some macrophages in- tissue culture medium (14). To favor host- 
fected with bacteria producing LLOA26 were cell lysis over rapid bacterial death and host- 
dead (-5 to lo%), most macrophages infect- cell repair, we performed the infections for 
ed with the mutant bacteria appeared viable. this assay in the absence of gentamicin. In- 
However, these viable macrophages con- fection of J774 cells with LLOA26-producing 
tained onlv 4 to 12 bacteria at time points bacteria resulted in 90% of the maximal LDH 
when macrophages infected with wild-type release, compared to only 2% for wild-type 
bacteria contained -100 bacteria (Fig. 2, B bacteria. Thus, LLOA26 was inappropriately 
and A, respectively). Given that many active within the host-cell cytosol and conse- 

Fig. 1. (A) LLO, but A A A A 

not PFO, contains a 
PEST-like sequence in LLO KDASAFNKENSISSMA A S ~ E K K H A D E I D K Y I Q G L D Y N K N N V L  . . .  
its NH,-terminus. In / I :  1 : 1 1 1 : I  ~ ~ : ~ 

(A), a partial sequence PFO KDITDKNQ. . . . . . . . . . . . . . . . . . . . . . . . . . . SIDSGISSLSYNRNEVL 
comparison between 
LLO to^) and PFO 
(bottdmj ' is shown, 
starting at the mature 
NH,-terminus of each 
protein (26). Identical 
residues are indicated 
by vertical lines; simi- 
lar residues are indi-
cated by two  dots. 
The PEST-like se-
quence of LLO scored iLLOA26 (e) 
a 4.72 in the PESTFind 10 
algorithm (10) and is 
shown in bold. The 26 
amino acids removed 
in LLOA26 are under- 
lined. The three con-
sensus MAPK sites are 
boxed. (B t o  E) 
Growth of L. monocy-
toaenes strains in 1774 
mkrophages. ~ b n o - lo3+ 10 h 
layers of j774 cells 0 2 4 6 8 1 0 0 2 4 6 8 1 0 
were grown on glass Time (hours) 
coverslips (27) and in- 
fected with bacteria producing the indicated cytolysin at an effective MOI of 1 (B) or 1:10 (C t o  
E). At the specified times after infection, monolayers were lysed, and the number of bacteria per 
coverslip was determined in triplicate. In each case, gentamicin (50 ~ g l m l )  was added 30 min after 
bacterial internalization. 

Table 1. Properties of bacteria producing either wild-type (WT) or mutant LLO proteins. Hemolytic units 
are expressed as the reciprocal of the dilution of bacterial culture supernatant required for 50% lysis of 
a 0.5% sheep red blood cell suspension as described (8).Escape from primary phagosomes of murine bone 
marrow-derived macrophages was determined by using indirect immunofluorescence to  count the 
percentage of bacteria decorated with actin filaments 90 min after infection (8).Association with host 
actin indicates that the bacterium has reached the cytosol. Strain DP-L2161 contains a complete deletion 
of the LLO gene (8).LD,,, 50% lethal doses (25). 

Cytolysin 
Hemolytic units Escape from 


Strain 
 synthesized pH 5,5 pH 7,4 phagosome(%) LD50 

104035 WT LLO 1061 114 59 2 6 2 x lo4 
DP-L4042 LLO426 1514 243 55 5 4 2 X lo8 
DP-L4048 L L O ~ ~ ~ , ~ a ~ , T ~ ~ ~151 3 X  lo61330 54 f4 
DP-L2161 No cytolys~n 0 0 0 2 x lo9  
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quently acted on the cytoplasmic membrane. 
The observed toxicity of LLOA26 may re- 

flect the fact that the 26-amino acid sequence 
missing from this mutant protein targets wild- 
type LLO for degradation and, thus, inactiva- 
tion within the host cytosol. If so, removal of 
this signal should lead to the accumulation of 
LLO within the host cytosol. Detection of in- 
tracellular LLOA26, however, was technically 
difficult because bacteria synthesizing this pro- 
tein caused host-cell lysis as early as 2 hours 
after infection, a time at which there were too 
few bacteria for recovery and detection of most 
bacterial proteins. Thus, we introduced a sec- 
ond site mutation in the COOH-terminal do- 
main of LLO [G1f8, + Asp4,, (G486D)l 
based on an analogous substitution in PFO (15) 
that rendered LLO much less active (>loo- 
fold), yet still allowed bacteria to escape, albeit 
less efficiently, from host phagosomes. Bacteria 
synthesizing LLOA26,,, were much less 
toxic to their host cells and were able to repli- 
cate intracellularly (Fig. 1C). As a control, we 
also introduced the G486D substitution into an 
otherwise wild-type LLO molecule. We irnmu- 
noprecipitated LLO from infected J774 macro- 
phages that had been metabolically labeled at 5 
hours after infection. Two species of intracellu- 
lar wild-type LLO were detected: I11-length 
mature LLO of 58 kD (as confirmed by comi- 
gration with in vitro labeled LLO) and a trun- 
cated form of 55 kD, which may represent a 
degradation product (7). We observed the same 
two species with LLO,,,,. In contrast, 
LLOA26,,, was present inside host cells at 
substantially higher levels than either wild-type 
LLO or LLO,,,, (Fig. 3B). In addition, we 
did not detect any degradation products of 

LLOA26,,,,. These data do not distinguish 
between increased intracellular synthesis or de- 
creased intracellular degradation (1 6). Howev- 
er, we did not observe an increased accumula- 
tion of LLOA26 when the bacteria were grown 
in broth culture (Fig. 3A), suggesting that the 
mutant protein was synthesized and secreted 
normally outside of the host environment (1 7). 

PEST sequences often contain internal 
phosphorylation sites, and phosphorylation at 
these sites often precedes protein degradation 
(1 I). LLO contains several potential phospho- 
rylation sites within the 26-amino acid region 
described above, including three consensus 
mitogen-activated protein kinase (MAPK) 
sites (PXSITP) (18) (Fig. 1). To determine 
whether these sites play a role in inactivating 
cytosolic LLO, we generated a mutant LLO 
protein in which all three of the potential 
phosphate acceptor residues were changed to 
a residue (Ala) that cannot accept phosphate. 
In vitro, LLOS44AS48hT51A [S44A, S e p  + 

S48A, sepB + Ala48; T51A, W1 + 
Ala51] exhibited hemolytic activity similar to 
that of the wild-type protein (Table I), and 
bacteria synthesizing LLOwA,,,,,51A es- 
caped from the primary vacuole with an efi- 
ciency similar to that of wild-type bacteria 
(Table 1). However, in support of our hypoth- 
esis, bacteria producing LLOS444S484T51A 
were toxic to macrophages in vitro (Fig. 1D) 
and were 100-fold less virulent in vivo (Table 
1). Moreover, like LLOA26,,, LLO,,, 
lacking the three putative W K  sites 
&L0S44A,S48qT514G486D) accumulated high- 
er levels within infected macrophages than ei- 
ther wild-type LLO or LLO,, (19). 

If the PEST-like sequence inactivates 

LLO within the host cytosol, transfer of this 
sequence to the related cytolysin PFO should 
render PFO less toxic to host cells. To test 
this idea, we generated a protein chimera in 
which the leader peptide and the first 35 
residues of mature LLO (which contain the 
PEST-like sequence) were fused in-frame to 
the PFO protein (PFO+PEST) (20). To con- 
trol for possible differences in secretion effi- 
ciency between the leader peptides of LLO 
and PFO, we generated a second protein chi- 
mera in which the LLO leader peptide alone 
was fused in-frame to PFO (PFO-No PEST) 
(20). We tested L. monocytogenes strains car- 
rying either the PFO+PEST or the PFO-No 
PEST allele in place of the wild-type LLO 
allele for the ability to grow inside macro- 
phages. Bacteria producing the PFO+PEST 
protein were able to replicate intracellularly 
and were much less toxic to their host mac- 
rophages than bacteria producing the PFO- 
No PEST protein (Fig. 2, D through F). This 
rescue was only partial, however, in that bac- 
teria producing PFO+PEST did not grow as 
well as wild-type bacteria and were still toxic 
at later time points in the infection (Fig. 1E). 
Nonetheless, when we quantitated cytotoxic- 
ity by monitoring the release of host LDH 
(14), bacteria producing PFO+PEST were 
much less toxic than those producing the 
PFO-No PEST control protein (9 versus 97% 
maximal LDH release, respectively) and only 
slightly more toxic than wild-type bacteria 
(2% maximal LDH release). 

The PEST-like sequence of LLO is essen- 
tial for L. monocytogenes to establish a pro- 

A In broth: B In cells: 
l------ 

0 
UOA26 + 

With W~ihoul 
PEST PEST 

Fig. 3. LLO lacking the PEST-like sequence ac- 
cumulates to  high Levels inside, but not outside, 
of host cells. (A) Western blot showing the 
relative levels of wild-type and LLOA26 protein 
found in the supernatant of bacterial cultures 
after 5 hours of growth in Luria-Bertani broth. 
Secreted proteins were isolated as described (8) 
and subjected to  Western blot analysis with 
polyclonal antibodies raised against LLO. Each 
lane represents supernatant from equivalent 
numbers of bacteria. (B) Autoradiograph show- 
ing the relative levels of LLO,,, and 
LLOA26,,,, recovered from infected macro- 
phages. Bacterial proteins were metabolically 
labeled with [35S]methionine during growth in 
J774 cells (7) at 5 hours after infection. LLO 
was immunoprecipitated as described (7) and 
subjected to  SDS-polyacrylamide gel electro- 
phoresis. Each lane represents a single 1774 
monolayer (-4 X lo6 cells) that contained 7 X 

Fig. 2. Light micrographs of 1774 macrophages at 6 hours after infection with L. monocytogenes. lo7 DP-L4044 (LLO ) or 7.7 X lo7 DP- 
Each panel depicts a macrophage(s) infected with bacteria producing either (A) wild-type LLd, (B L4045 (~~0~26,,,J=eria. The arrow indi- 
and C) LLOA26, (D) PFO+PEST, or (E and F) PFO-No PEST at an effective MOI of 1:lO. In (C) and cates full-length LLO,,,, the solid arrowhead 
(F), macrophages were infected in the absence of gentamicin; in all other panels, gentamicin (50 indicates truncated LLO,,,,, and the open 
pglml) was added 30 min after bacterial internalization. Scale bar, 10 ~ m .  arrowhead indicates full-length LLOA26,,,,. 
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ductive infection in vivo. Our data suggest 
that this sequence restricts LLO activity to 
the host-cell vacuole, thereby preserving the 
intracellular niche of L. monocytogenes. Per-
haps rapid host-cell lysis by LL0826 ex-
poses the normally intracellular bacteria to 
extracellular host defenses such as humoral 
immunity and bactericidal phagocytes. 

LLO and PFO are members of a large fam- 
ily of pore-forming proteins (21),but LLO is 
the only one to be produced by an intracellular 
pathogen. Our data suggest that the addition of 
a simple sequence tag to a toxic pore-forming 
protein can convert it into a molecule special- 
ized for intracellular use. Moreover, because 
intracellular pathogens often use host-cell ma- 
chinery for their own purposes, L. monocyto-
genes may achieve the critical balance between 
efficient escape from a vacuole and avoidance 
of host-cell damage by incorporating a eukary- 
otic protein degradation signal into a potentially 
toxic bacterial virulence factor. 
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The SpolllE protein of Bacillus subtilis is required for chromosome segregation 
during spore formation. The COOH-terminal cytoplasmic part of SpolllE was 
shown to  be a DNA-dependent adenosine triphosphatase (ATPase) capable of 
tracking along DNA in the presence of ATP, and the NH,-terminal part of the 
protein was found to  mediate its localization to  the division septum. Thus, 
during sporulation, SpolllE appears to  act as a DNA pump that actively moves 
one of the replicated pair of chromosomes into the prespore. The presence of 
SpolllE homologs in a broad range of bacteria suggests that this mechanism for 
active transport of DNA may be widespread. 

(1997). 
14. 1774 macrophages were grown in a 96-well plate and 

infected (or mock infected) with the appropriate 
bacterial strain at a multiplicity of infection (MOI) 
resulting in approximately one to two bacterialmac- 
rophage. Five hours after infection, supernatant from 
each well was removed and assayed for LDH activity 
by using the CytoTox 96 kit (Promega, Madison, WI). 
Percent cytotoxicity = 100 X [(experimental LDH 
release) - (spontaneous LDH release)]/[(maximum 
LDH release - (spontaneous LDH release)]. The num- 
bers reported were calculated with the mean LDH 
release from eight wells of a single experiment and 
are representative of two independent experiments. 

15. S. Jones, K. Preiter, D. A. Portnoy, Mol. Microbiol. 21. 
1219 (1996). 

16. For technical reasons, we were 	unable to measure 
half-lives for wild-type LLO or LLO,,,,,. 

17. LLO has an acidic pH optimum that has been hypoth- 
esized to compartmentalize intracellular hemolytic 
activity by exploiting the difference in pH between 
the vacuole (acidic) and cytosol (neutral) of the host 

Despite decades of studies, few proteins di- 
rectly involved in chromosome segregation in 
bacteria have been identified, and mechanis- 
tic information about these proteins is mea- 
ger. In Bacillus subtilis, the newly replicated 
regions of the chromosome are actively and 
rapidly separated, but how this movement is 
achieved is unclear (1-3). Cell division at the 
onset of spore formation in B. subtilis pro-
vides an interesting system for studying chro- 
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mosome movement. Here, an asymmetrically 
positioned division septum is formed before 
the completion of chromosome segregation 
and closes around one of the pair of replicat- 
ed chromosomes, pinching it into a larger and 
a smaller lobe. The larger chromosome lobe 
is then transported from the mother cell into 
the prespore, presumably through a small 
pore in the septum. In the absence of a func- 
tional SpoIIIE protein, DNA transfer is 
blocked (4). 

During spore formation, SpoIIIE is target- 
ed t' the leading edge of the septum' The 
putative transmembrane domain at the NH2-
terminal part of the protein appears to play an 
essential role in this specific localization (5). 
The strategic location of the protein suggests 
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