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Background: Ion transport and initiation of death in bacteria is poorly understood.

Results: Both the human milk complex HAMLET and physiological death stimuli required sodium-dependent calcium influx
and kinase activation to kill pneumococci and form optimal biofilms.

Conclusion: Specific ion transport during bacterial death initiation is essential.

Significance: The study provides novel information about ion transport in bacteria and its role in bacterial physiology.

To cause colonization or infection, most bacteria grow in
biofilms where differentiation and death of subpopulations is
critical for optimal survival of the whole population. How-
ever, little is known about initiation of bacterial death under
physiological conditions. Membrane depolarization has been
suggested, but never shown to be involved, due to the diffi-
culty of performing such studies in bacteria and the paucity
of information that exists regarding ion transport mecha-
nisms in prokaryotes. In this study, we performed the first
extensive investigation of ion transport and membrane depo-
larization in a bacterial system. We found that HAMLET, a
human milk protein-lipid complex, kills Streptococcus pneu-
moniae (the pneumococcus) in a manner that shares features
with activation of physiological death from starvation. Addi-
tion of HAMLET to pneumococci dissipated membrane
polarity, but depolarization per se was not enough to trigger
death. Rather, both HAMLET- and starvation-induced death
of pneumococci specifically required a sodium-dependent
calcium influx, as shown using calcium and sodium transport
inhibitors. This mechanism was verified under low sodium
conditions, and in the presence of ionomycin or monensin,
which enhanced pneumococcal sensitivity to HAMLET- and
starvation-induced death. Pneumococcal death was also
inhibited by kinase inhibitors, and indicated the involvement
of Ser/Thr kinases in these processes. The importance of this
activation mechanism was made evident, as dysregulation
and manipulation of physiological death was detrimental to
biofilm formation, a hallmark of bacterial colonization. Over-
all, our findings provide novel information on the role of ion
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transport during bacterial death, with the potential to
uncover future antimicrobial targets.

There is growing evidence that bacteria live in complex com-
munities during colonization and infection (1-3). In analogy
with multicellular eukaryotes, optimal function of such com-
munities requires tight regulation of both bacterial growth
and death. Although much is known about pathways of pro-
grammed cell death (PCD)? in eukaryotic systems, little is
understood about terminal differentiation and PCD in pro-
karyotes and how they may be related.

Two of the best-described bacterial PCD systems are the tox-
in-antitoxin system and autolysis-associated death mecha-
nisms. The toxin-antitoxin system is found throughout pro-
karyotic species and consists of a stable toxin and its
corresponding labile antitoxin. These components exist in a
delicate balance to control death of the cell for altruistic pur-
poses during various environmental conditions (4—6). Mem-
brane-associated holin- and antiholin-like proteins have been
described in Staphylococcus aureus and other bacterial species,
and have also been shown to control cell death, autolysis, and
release of genomic DNA, all of which contribute to the struc-
tural integrity of biofilms and potentially to the virulence of the
organism (7, 8). Autolysis is also observed in several other bac-
terial species, including Bacillus subtilis, Enterococcus faecalis,
and S. pneumoniae. This lytic activity has recently been shown
to be central during events known as “cannibalism” and “fratri-
cide,” where a subpopulation of immature or susceptible cells is
killed by sibling cells to release DNA, cellular nutrients, and
intracellular toxins (such as pneumolysin) to benefit the popu-
lation during events such as sporulation, genetic transforma-

2The abbreviations used are: PCD, programmed cell death; AM, acetoxy-
methyl; MSC, mechanosensitive channel; DCB, dichlorobenzamil; HAMLET,
Human a-lactalbumin Made LEthal to Tumor cells; HKPBS, high-potassium
PBS preparation; RuR, ruthenium red; NCX, Na*/Ca®>* exchanger; DMSO,
dimethyl sulfoxide; CFU, colony-forming units.
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tion, or biofilm formation, all of which are thought to contrib-
ute to fitness and virulence of these organisms in their natural
niche (9-11).

Despite what is known about the execution of these systems,
their activation mechanism(s) and signaling pathways are
poorly understood. Although several ion transport processes
have been shown to alter the rate of autolysis events in B. sub-
tilis, and depolarization of the membrane potential is postu-
lated, but not shown, to be related to holin-induced death in S.
aureus, (7, 12), the specific signaling events involved are
unclear. Similarly, the pathways that bacteria use to induce
death during their normal life cycle in vitro and in vivo, and the
role of these pathways for optimal colonization and infection
are also largely unclear. Therefore, comprehensive information
about death pathways in bacteria is critical for a better under-
standing of bacterial physiology and pathogenesis.

A major hurdle to elucidating the initiation events of bacte-
rial death is the paucity of information on ion transport mech-
anisms and electrophysiology of the bacterial membrane (13,
14), combined with the difficulty of measuring these events in
prokaryotic systems based on their less accessible cytoplasmic
membranes. Radioisotopes have been used with some success
(15, 16), whereas the loading of acetoxymethyl (AM) fluores-
cent indicator dyes has only been successful in a few bacterial
species (17-19). Patch clamping is not realistic based on the
small size of the bacteria and the presence of an inhibitory cell
wall, however, some work with giant protoplasts has been per-
formed with variable results (20, 21). Additionally, based on the
lack of studies, few eukaryotic inhibitors have been evaluated
for activity in bacterial systems, making interpretations with
such inhibitors difficult, and fewer yet have been directly devel-
oped for bacterial transport systems.

During our studies of the anti-infectious protection con-
ferred to infants by breastfeeding, we identified a milk fraction
named HAMLET, for Human a-lactalbumin Made LEthal to
Tumor cells, that induced apoptosis in tumor cells, but also
killed a variety of bacterial species (22, 23). As the apoptotic
effect was partly induced through a direct interaction of HAM-
LET with mitochondria (24), and as bacteria have long been
postulated to be the evolutionary predecessors of mitochondria
(25), we hypothesized that similarities in death activation path-
ways may exist. Indeed, similarities were identified and recently
described in our study revealing apoptosis-like phenotypes in
bacteria after exposure to HAMLET (26). After exposure, both
tumor cells and bacteria showed hallmark morphological
changes such as cell shrinkage, DNA condensation, and high-
molecular weight DNA fragmentation (26). The bacterial
effects were associated with a dissipation of the membrane
potential, just as we observed in mitochondria, and required
protease activation. These striking phenotypic parallels sug-
gested that an apoptosis-like pathway of death exists in bacte-
ria, which can be activated by HAMLET by targeting effectors
that are potentially conserved in tumor cells and various bacte-
rial species.

In the current study, we focused on the initiating mecha-
nism(s) of HAMLET- and starvation-induced bacterial death.
Using the pneumococcus as a model system, we found that
HAMLET causes a rapid dissipation of the bacterial membrane
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potential and integrity. These membrane effects and bacterial
death were accompanied by a sodium-dependent influx of cal-
cium and an efflux of potassium, and were inhibited by several
compounds that block ion transporters, specifically those asso-
ciated with calcium transport and sodium-calcium exchange
activity. Additionally, we observed that kinase activation was
required for HAMLET-induced death. Importantly, we ob-
served that all reagents that interfered with the ability of HAM-
LET to induce pneumococcal death and autolysis also altered
the natural susceptibility of the pneumococcus to starvation-
induced death and autolysis, suggesting that HAMLET is
uniquely able to activate cell death machinery similar to that
already in place for physiological death. Finally, dysregulation
of physiological death was detrimental to biofilm formation,
suggesting that tight control of pneumococcal death is required
for optimal colonization and infection.

EXPERIMENTAL PROCEDURES
HAMLET Production

The HAMLET batches used for these studies were gener-
ously provided by Dr. Catharina Svanborg, Lund University,
Lund, Sweden. HAMLET was produced by converting native
a-lactalbumin in the presence of oleic acid (C18:1) as described
(27). The preparations were stored in lyophilized form, and
resuspended in 1X phosphate-buffered saline (PBS, pH 7.2;
Invitrogen; 155.17 mm NaCl, 2.71 mm Na,HPO,, 1.54 mm
KH,PO,) to create working stocks.

Reagents for Modulating lon Transport

All of the following reagents are from Sigma unless noted
otherwise and the majority of these reagents have never been
evaluated in a bacterial system. Solvents are noted in parenthe-
ses (“aq” indicates “aqueous”).

K" Transport Reagents—High-K™ PBS (HKPBS) containing
60 mm K*: 96.5 mm NaCl, 58.5 mm KCl, 2.7 mm Na,HPO,, 1.54
mMm KH,PO, (corresponding “regular PBS” buffer contained
58.5 mm N-methyl-p-glucamine-Cl instead of KCl); valinomy-
cin (DMSO).

Ca®" Transport Reagents—Ruthenium red (aq), nifedipine
(DMSO), verapamil hydrochloride (aq), sodium orthovanadate
(aq), and ionomycin (DMSO).

Na* Transport Reagents—3',4'-Dichlorobenzamil hydro-
chloride (DMSO); amiloride hydrochloride hydrate (DMSO);
low Na™ PBS (“PBS(25%)”) was made by substituting most
NaCl with N-methyl-p-glucamine chloride (aq) (35 mm NaCl,
120 mM N-methyl-p-glucamine-Cl, 2.71 mm Na,HPO,, 1.54
mMm KH,PO,); monensin sodium salt (DMSO).

Mechanosensitive Channel Inhibitor—Gadolinium(III) chlo-
ride hexahydrate (DMSO).

Bacterial Strains and Growth Conditions

We used three strains of S. pneumoniae in this study: D39
(wild-type) (28), D39AlytA (D39 lacking the major autolysin
LytA) (29), and R36A (an unencapsulated derivative of the wild-
type strain D39) (28). All of these strains display equal sensitiv-
ity to HAMLET. We used D39AlytA throughout most of the
experiments to limit the autofluorescent interference gener-
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ated upon autolysin activation and to measure the lysis stimu-
lated solely by HAMLET. The acapsular mutant R36A was used
during the ion transport studies with Fura2/AM, Fluo4/AM,
and PBFI/AM as the lack of capsule dramatically improved our
loading protocol of these ion-sensitive dyes into the bacteria
(see below). S. aureus strain 17, a clinical isolate from the Uni-
versity at Buffalo, State University of New York, and Escherichia
coli strain JM109 were used for depolarization studies. All bac-
terial strains were stored as glycerol stocks at —80 °C. Stocks of
pneumococci were seeded into THY broth (Todd Hewitt con-
taining 0.5% yeast extract; Bacto, BD Diagnostics, Franklin
Lakes, NJ) and allowed to grow to late logarithmic phase
(Ag00 nm Of ~0.65) at 37 °C. Similarly, S. aureus was grown in
tryptic soy broth (Bacto, BD Diagnostics), whereas E. coli was
grown in Luria Bertani broth (Bacto, BD Diagnostics).

Assessing the Effect of HAMLET on Pneumococcal Viability

Upon reaching late log phase in growth media, the pneumo-
cocci were pelleted by centrifugation at 2,400 X g for 10 min
and washed twice by resuspension in PBS. The bacterial pellet
was resuspended in PBS to half of the original volume and ener-
gized with 50 mMm glucose for 15 min at 37 °C. In each well of a
96-well microtiter plate (Falcon, BD Biosciences), a 100-ul vol-
ume of the energized bacteria was added to 100 ul of PBS con-
taining the required HAMLET concentration and/or the spe-
cific ion transport inhibitory compound, and was subsequently
incubated for 1 h at 37 °C. At the end of the incubation, serial
dilutions of the bacteria were made in PBS and plated onto solid
media composed of Tryptic Soy Broth (Bacto, BD Diagnostics)
supplemented with 5% defibrinated sheeps blood (Bio Link Inc.,
Liverpool, NY) for viable counts. The concentration of
HAMLET used throughout the study was that which induced
between 3 and 4 log,, of death. Upon adding any inhibitory
compounds, their effect on HAMLET-induced death was
expressed as a percentage of the total logs of death observed in
the presence of the sample treated with HAMLET alone. To
determine the minimal inhibitory concentration of HAMLET,
S. pneumoniae D39 was seeded at a concentration of 10° colo-
ny-forming units (CFU) per ml in THY in 96-well microtiter
plates in the presence of 2-fold dilutions of HAMLET and
growth was determined by measuring the optical density at 600
nm, every 5 min over 18 h in a Biotek Synergy 2 plate reader.
The minimal inhibitory concentration was determined to be
the lowest concentration of HAMLET where no growth was
detected.

Assessing Membrane Potential and Integrity

To detect membrane potential and rupture of the pneumo-
coccal membrane, respectively, 500 nm DiBAC,(3) (bis-(1,3-
dibutylbarbituric acid) trimethine oxonol; Molecular Probes,
Eugene, OR) and propidium iodide (40 pg/ml; Sigma) were
added to energized pneumococci (prepared as described
above). In a 96-well plate, a 100-ul volume of this bacterial
suspension was then added to 100 ul of PBS containing HAM-
LET and/or the specific ion transport inhibitory compound in
the wells of a 96-well plate yielding a final concentration of 25
mM glucose, 250 nm DiBAC,(3), 20 ug/ml of propidium iodide,
and the specified concentrations of HAMLET and/or the inhib-
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itor. The plate was then placed immediately into a pre-warmed
(37 °C) Synergy 2 Multi-Mode Microplate Reader (BioTek,
Winooski, VT) where fluorescence readings from DiBAC,(3)
(485/20 nm excitation, 528/20 nm emission) and propidium
iodide (530/25 nm excitation, 590/35 nm emission) were taken
every minute for 1 h. Sodium deoxycholate (Sigma) was added
as a positive control for membrane depolarization and rupture.
The difference in fluorescence intensity between the untreated
control and the HAMLET-treated sample was calculated for
the “no inhibitor” samples and for the “inhibitor” samples using
the values after 60 min. The fluorescence intensity difference
for the inhibitor samples was then expressed as a percentage of
the intensity of the HAMLET alone (no inhibitor) sample,
describing the degree of depolarization compared with the
“HAMLET alone” sample (see supplemental Fig. S1).

Fluorescent Detection of lon Transport

Loading—The following protocol was developed. After
reaching late log phase, R36A pneumococci were washed twice
and resuspended in PBS containing 5 uM fluorescent indicator
dye (PBFI/AM for potassium, or Fura-2/AM or Fluo-4/AM for
calcium), 1X PowerLoad™" (solubilization reagent), and 1X
probenecid (all from Molecular Probes). Protected from light,
the pneumococci were incubated at 37 °C for 2 h to allow for
loading of the dyes and cleavage of the ester, and subsequently
washed twice and resuspended with PBS.

Readings—200 ul of the washed/loaded bacteria were added
per well of a 96-well plate, which was then placed in the pre-
warmed (37 °C) BioTek Synergy 2 plate reader where a baseline
reading was taken by measuring the fluorescence every second
for 1 min (Fura-2/AM, PBFI/AM, excited at 340/11 and 380/20,
emission detected at 508/20; Fluo-4/AM, 485/20 excitation,
528/20 emission). If an inhibitor was present, it was added prior
to this baseline reading. At the end of the baseline reading,
HAMLET was added and fluorescence readings were immedi-
ately taken every second for another 4 min. Valinomycin and
ionomycin (Sigma) were added as positive controls for K™ and
Ca®" transport, respectively. The degree of inhibition was
expressed as a percentage of the fluorescence intensity from the
sample treated with HAMLET alone (see supplemental Fig. S1
for a visual depiction of the measurements).

Radioisotope **Ca** Transport Assays

D39AlytA was grown to log phase, washed three times, and
resuspended in 1X PBS containing 0.5 mm CaCl, (CaPBS).
Alternately, for experiments with low extracellular sodium, we
washed and resuspended the cells in an isoosmotic buffer con-
taining 25% of the normal PBS Na™ concentration (PBS(25%)).
No glucose was added to minimize the interference created by
extrusion of Ca®>" via ATPase pumps. **CaCl, (PerkinElmer
Life Sciences) was added to the cells at a final concentration of
2.5 uCi/ml, followed by inhibitor compound, with each addi-
tion given 2 min equilibration time. The untreated baseline
sample was measured at this point. The sample was then
divided, HAMLET was added to one of the tubes, and **Ca>"
uptake was measured at various intervals. For each sample, 100
wl was dispensed onto Millipore 0.3-um PHWP filters (EMD
Millipore, Billerica, MA) presoaked in the CaPBS, and immedi-
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ately washed with 9 ml of CaPBS via syringe filtration through
Millipore Swinnex® filter holders. Filters were placed in scintil-
lation vials with 5 ml of scintillation fluid, and cpm were
detected on a Wallac 1409 liquid scintillation counter (Wallac
Oy, Turku, Finland). The Acpm was calculated for each sample
at the indicated time points as the difference between
HAMLET-treated and untreated samples, and expressed as a
percentage of the Acpm for the HAMLET alone sample without
inhibitor.

Growth Curves, Autolysis

Autolysis was assessed by measuring optical density (OD) at
600 nm. Optical density has long been the established method
of monitoring autolysis of bacteria; as autolysis proceeds, the
cells burst and the culture will clear, producing a rapid decline
in the optical density. Strains of interest were diluted from fro-
zen stock to an Agy ., of ~0.100 in THY broth and dispensed
into a 96-well plate, with or without the addition of ionophores
or inhibitor compounds of interest (monensin, ionomycin,
RuR, DCB, and staurosporine; Sigma). The growth curves were
plotted overnight by monitoring the A, ..., in the Synergy 2
plate reader every 5 min. To observe natural autolysis, D39 was
grown to stationary phase in THY (Agpp nm ~ 1.200) prior to
being added to the 96-well plate with or without the addition of
ionophores of interest (ionomycin and monensin, Sigma).

Biofilm Studies

Biofilms were generated as described (30). Briefly, S. pneu-
moniae D39 were grown in a chemically defined medium (JRH
Biosciences, Lexera, KS) to mid-logarithmic phase (44,, = 0.5),
washed, and resuspended in fresh pre-warmed chemically
defined medium at a density of 2 X 10* cfu in a 500-ul volume.
Suspensions were used to seed sterile round glass coverslips in
the bottom of polystyrene 24-well plates with a substratum of
confluent NCI-H292 bronchial epithelial cells (ATCC CCL-
1848; grown as previously described in Ref. 23). Biofilms were
cultured at 34 °Cin 5% CO, for the indicated times, with change
of culture media every 12 h, adding in fresh inhibitor with each
media change to maintain their presence throughout the
growth period. After 48 h, biofilms were then washed in PBS,
sonicated, and detached by scraping the surface in the presence
of 100 ul of PBS followed by a rinse with 100 ul of PBS. Col-
lected cells were vortexed twice for 20 s at high speed and the
dispersed biofilm cells were used to determine viable CFU/ml
from diluted samples plated and grown on blood agar. Results
are reported as the total number of CFU per biofilm.

RESULTS
HAMLET Kills S. pneumoniae in a Dose-dependent Manner
Although HAMLET is not universally bactericidal and fails
to kill many species of bacteria including S. aureus and E. coli, it
exhibits significant antibacterial activity against a handful of
species, with S. pneumoniae displaying the greatest susceptibil-
ity (22). All pneumococcal wild-type strains we have tested are
equally sensitive to HAMLET, regardless of capsule presence or
type, or absence of genes for various virulence factors, including
the major autolysin (LytA) (26). As shown in Fig. 1, D39AlytA
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FIGURE 1. HAMLET displays dose-dependent bactericidal activity against
S. pneumoniae. S. pneumoniae D39AlytA cells were incubated in the pres-
ence of various concentrations of HAMLET. Bacterial viability was assessed
and presented as log,, CFU per ml of bacterial suspension, and represents the
mean of three separate experiments, with error bars representing the S.D.

(an autolysin-negative pneumococcal mutant) was killed by
HAMLET in a concentration-dependent manner. The minimal
inhibitory concentration for HAMLET was determined to be
5-10 ug/ml, whereas ~110 pg/ml was required to kill 6 log,
pneumococci within 1 h (Fig. 1). These numbers are compara-
ble with what is required to kill pneumococci with other anti-
biotics in the same time frame (our preliminary data and see
Refs. 31 and 32) and may well be within a physiological range
considering that the concentration of a-lactalbumin in milk is
2,000 ug/ml and oleic acid is the most prevalent fatty acid in
human milk. For all experiments described throughout this
study, we employed a concentration of HAMLET that induced
between 3 and 4 log,, of death over a 1-h incubation period,
unless otherwise indicated.

Exposure to HAMLET Leads to Depolarization and Rupture of
the Pneumococcal Membrane

To measure depolarization of the bacterial membrane we
tested a variety of fluorescent potential-sensitive probes,
including the commonly used mitochondrial probes JC-1,
TMRE, and Rhodamine 123, all of which failed to produce a
recordable change in membrane potential in heat-killed or
detergent-treated pneumococci compared with healthy cells
(not shown). However, we did find success with bis-oxonol dyes
in all our bacterial cell systems and settled on using the bis-
oxonol DiBAC,(3), which enters depolarized cells and fluo-
resces more intensely upon interacting with intracellular
components.

Just as it induces depolarization of the mitochondrial mem-
brane (33), HAMLET triggered a rapid dissipation of the pneu-
mococcal membrane potential, which plateaued after about 6
min (Fig. 2A). Using the membrane-impermeable fluorescent
dye propidium iodide, we simultaneously monitored mem-
brane integrity and observed that, at about the same time that
depolarization plateaued, rupture of the membrane began (Fig.
2B), with fluorescence rising steadily throughout the remainder
of the incubation period. This suggests that HAMLET-induced
depolarization and rupture of the pneumococcal membrane are
independent events, with dissipation of polarity preceding rup-
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FIGURE 2. Disruption of pneumococcal membrane polarity and integrity. Mid-log phase D39AlytA pneumococci were incubated with the fluorescent
indicator dyes DiIBAC,(3) and propidium iodide (P/) concurrently to detect (A) membrane depolarization and (B) membrane rupture, respectively, by measuring
fluorescence over time. HAMLET was added at time O (arrow). The detergent sodium deoxycholate (0.05%) was included as a positive control for both events.

The results presented are from a representative experiment.

ture, rather than depolarization resulting from lost membrane
integrity, as was seen upon treatment with the detergent
sodium deoxycholate (Fig. 2).

Depolarization Alone and K* Efflux Are Not Sufficient for
Activation of HAMLET-induced Death

Information from other bacterial systems has suggested that
execution of bacterial death may be linked to initial depolariza-
tion of the bacterial membrane (7, 12). However, the specificity
of depolarization as a direct trigger of death and lysis in bacteria
has not been studied. We therefore evaluated the role of depo-
larization as a trigger for HAMLET -induced death.

While investigating pneumococcal depolarization and rup-
ture at different concentrations of HAMLET, we observed that
low-grade depolarization could be induced without membrane
rupture or death, suggesting that either depolarization alone
was not a trigger for bacterial death or that the depolarization at
low concentrations was not sufficiently strong to trigger death.
Interestingly, depolarization was also induced in the HAMLET -
resistant species E. coli (Fig. 3A) and S. aureus (Fig. 3B) to a level
that, when induced in S. pneumoniae (Fig. 3C), resulted in
about 2 log,, of pneumococcal death (p = 0.0442) (Fig. 3D),
providing further evidence that depolarization per se may not
be the trigger of bacterial death.

To more specifically address the role of membrane depolar-
ization in HAMLET-induced death we investigated the role of
K* transport. In eukaryotic cells, the efflux of K* is well
described as an essential event for successful execution of apo-
ptosis (34, 35), whereas its transport, in concert with Na™, is
also central to maintaining membrane polarity (36). As no such
information is available in prokaryotic systems, both of these
functions were explored in relationship to HAMLET-induced
bacterial death.

We first monitored intracellular K™ levels by developing a
loading protocol for loading of AM ester fluorescent indicator
dyes into pneumococci. AM-esters have only been successfully
loaded into a handful of species but the loading efficiency var-
ies. For pneumococci, we found that capsule expression inter-
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fered with loading of the dyes and that PowerLoad™ and pro-
benecid (from Invitrogen) were required to obtain an optimal
intracellular concentration of dye to make measurements
possible.

We then successfully loaded the unencapsulated S. pneu-
moniae strain R36A with the AM-ester version of the K™ -sen-
sitive fluorescent indicator dye PBFI. Although the fluores-
cence of the bacteria from PBFI/AM remained unchanged
upon treatment with PBS, the signal intensity immediately
decreased following addition of HAMLET (Fig. 4A, green line),
indicating a decrease in the intracellular concentration of K™
that is most likely due to an efflux of the ion, similar to what
takes place during apoptosis of eukaryotic cells. The decrease in
fluorescence leveled off approximately 4 min after addition of
HAMLET, suggesting that this efflux occurred rapidly and that
the lower intracellular concentration of K was sustained over
time. The K" efflux seen after HAMLET exposure was mir-
rored using the K™ ionophore valinomycin that allows K* to
immediately flow out of the cell down its concentration gradi-
ent (Fig. 44, black line). This is the first time K transport has
been directly measured in pneumococci, and contributes to the
very few studies of potassium transport performed in bacterial
species (37).

To determine the role of the detected K™ efflux in the bacte-
ricidal activity of HAMLET, we directly manipulated the trans-
membrane K™ gradient by creating an extracellular high-K™*
PBS solution (HKPBS; 60 mm extracellular K*) that diminishes
the electrochemical potential gradient of K*. This solution
depolarizes the bacterial membrane and significantly limits the
ability of K™ to flow out of the cells. The degree of HAMLET-
induced depolarization and death in the pneumococcus (com-
paring the HAMLET -treated bacteria with the untreated bac-
teria; see supplemental Fig. S1 for a visual depiction of these
calculations) in HKPBS was no different from that observed in
regular PBS (Fig. 4B). On the other hand, HKPBS significantly
limited the HAMLET-induced decrease in intracellular K* lev-
els compared with the HAMLET-induced decrease observed in
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HAMLET-treated (HL) bacteria were serially diluted and viability was determined (D). Viability data represent the mean of three individual experiments, with S.D.
bars, and significance calculated using the paired t test with a 95% confidence interval (* = p < 0.05).

bacteria bathed in PBS (p = 0.0018) (Fig. 4C). These results
suggest that K™ efflux is not central to the bactericidal mechanism
of HAMLET, and is likely more of a compensatory cellular
response to repolarize the membrane. Furthermore, the failure of
the HKPBS, which depolarizes the membrane, to either trigger
death in pneumococci by itself or potentiate the effect of
HAMLET treatment further demonstrates that depolarization per
se is not sufficient to trigger pneumococcal death, and that more
specific signaling events are required. As K™ transport was not
involved in initiation of HAMLET-induced death, no further stud-
ies were performed to identify potential transport mechanisms.

Mechanosensitive Channels Play a Role in HAMLET-induced
Death

During eukaryotic apoptosis, depolarization of the mito-
chondrial membrane causes water to fill the mitochondria,
leading to swelling (33, 38). In bacteria, one of the major ion
transport elements that serve to detect such swelling is the
stretch-activated or mechanosensitive channel (MSC), which
responds by opening and nonspecifically releasing a variety of
cations (especially K™), causing water loss that relieves the cell

S
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of the increased turgor pressure. To determine whether mecha-
nosensitive channels might be involved in HAMLET-induced
death in bacteria, we treated pneumococci with HAMLET in
the presence or absence of the MSC inhibitor gadolinium and
observed that, although the compound had no dramatic effect
on the degree of HAMLET-induced depolarization, it did rescue a
significant portion of the cells from death (p = 0.0051) (Fig. 4B),
suggesting that MSCs are involved in facilitating the lethal effects
of HAMLET. Gadolinium also blocked more than half of the K™
efflux (p = 0.0487) (Fig. 4C), suggesting that mechanosensitive
channels are involved in that event, but failed to impact Ca*"
influx (see Fig. 5D, below). However, as K* transport was unrelated
to HAMLET-induced death and gadolinium did not affect Ca*"-
transport, the involvement of other ions in the trigger of bacterial
death is suggested.

Calcium Influx Is Central to the Activation of the Bactericidal
Mechanism of HAMLET

The role of Ca®>* in apoptotic signaling is well-established
(39); Ca>* overload of the mitochondrial matrix through the
Ca®" uniporter leads to the opening of the permeability transi-
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FIGURE 4. HAMLET induces K* efflux that is not central to the bactericidal activity. A, the fluorescence of PBFI-loaded (K™ -indicator) S. pneumoniae strain
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control) or HAMLET was added (arrow) to the bacteria and the resulting fluorescence was recorded every second for the next 4 min. Tracings from a
representative experiment are shown. B, D39AlytA pneumococci were incubated with HAMLET for 1 h in the presence of K*-related transport inhibitors, while
monitoring membrane depolarization (gray bars) and death (black bars), using DiBAC fluorescence and viable counts, respectively. Membrane depolarization
and death in the inhibitor-treated samples are expressed as a percentage of the HAMLET-alone treated samples (HAMLET-alone value was set to 100%,
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interval (* = p < 0.05; ** = p < 0.01). Inhibitors: high-K* PBS buffer (HKPBS; 60 mm extracellular K*), gadolinium (GAD), and RuR.

tion pore complex and leads to depolarization of the mitochon-
drial inner membrane (40). HAMLET is known to traffic to
mitochondria in tumor cells (24) and induce depolarization of
the mitochondrial membrane, an event that is significantly
diminished in the presence of the general Ca®>* transport inhib-
itor compound ruthenium red (RuR) (33).

Thus, we hypothesized that HAMLET also triggers an influx
of Ca®>" into the bacteria, and that this influx is important for
the bactericidal mechanism and activity of HAMLET. To test
this, we used our loading protocol to load S. prneumoniae strain
R36A with the AM-ester version of the Ca>*-sensitive fluores-
cent indicator dye Fura-2 to monitor intracellular Ca*>™ levels,
and we also directly monitored uptake of Ca®* into D39AlytA
pneumococci using the radioisotope **Ca®". Both the 340/380
fluorescence ratio (Fig. 54, blue line) and the **Ca*" isotope
uptake (Fig. 5B, blue line) demonstrated that, upon HAMLET
addition, intracellular Ca>" rises immediately. A plateau of
fluorescence was detected after about 4 min following addition
of HAMLET, suggesting that this transport event occurred rap-
idly and was sustained (Fig. 5A4). In the isotope experiment, we
observed a brief plateau or “overshoot” of **Ca®* uptake that
occurred around 8 —10 min following HAMLET addition (Fig.
5B, inset), which is suggestive of an underlying carrier-medi-
ated mechanism, followed by a continued rise that gradually
plateaued after about 15—20 min. In both the fluorescence assay
and radioisotope assay, the Ca®>"-ionophore ionomycin trig-
gered a rise in intracellular Ca®" as expected (Fig. 5, A and B,
black line), whereas Ca** levels in the untreated controls
remained unchanged (gray line).

To investigate the importance of Ca®" influx for the bacteri-
cidal activity of HAMLET, we introduced various inhibitors of
Ca®" transport to assess their effects on membrane depolariza-
tion, Ca®" transport, and death. The general Ca>" channel
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inhibitor RuR was the first inhibitor evaluated in the pneumo-
coccal system based on its inhibitory role in eukaryote mito-
chondria (33). We observed that RuR almost completely
blocked HAMLET-induced depolarization of the pneumococ-
cal membrane (p = 0.0015) (Fig. 5C), which was directly related
to an inhibition of Ca>* influx, observed both by an almost
complete inhibition of the rise in the 340/380 fluorescence ratio
from cells pre-loaded with Fura-2 (p = 0.0093) and an inhibi-
tion of more than half of the **Ca®" uptake (p = 0.0083) (Fig.
5D). RuR was specific for calcium transport as no effect on K*
transport was seen (Fig. 4C). The inhibition of Ca®>" influx was
directly related to a significant and almost complete rescue of
the bacteria from death (p = 0.01) (Fig. 5C).

To further verify a role for an influx of calcium in triggering
HAMLET-induced death, pneumococci were treated with
ionomycin, which, by itself, increased the intracellular Ca**
concentration (Fig. 5, A and B) without killing the bacteria, but
was shown to significantly potentiate the bactericidal activity of
HAMLET (p = 0.0039) (Fig. 5E), possibly by lowering the
HAMLET-induced influx required to trigger death activation.
Overall, the strong inhibitory effects of RuR and the potentiat-
ing effect of ionomycin suggest that Ca®>* influx plays a central
role in the activation of the bactericidal activity of HAMLET.

HAMLET-induced Calcium Influx Uses a Sodium-dependent
Transport Mechanism

To further elucidate the Ca®>" transport mechanism in S.
pneumoniae, we first performed a BLAST search of the entire
published genomes of S. pneumoniae strains TIGR4 and D39
(41, 42) in both the NCBI database and the Transporter Classi-
fication Database. The only annotations related to Ca>* trans-
port in the two genomes were two P-type Ca>*-ATPase pumps
(SP1551 and SP1623, TIGR4), the first of which has been char-
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FIGURE 5. HAMLET triggers influx of Ca®* that is critical to its bactericidal mechanism. A, R36A pneumococci were loaded with the Ca?*-sensitive dye
Fura-2, and B, D39AlytA pneumococci were incubated with the radioisotope **Ca®* (2.5 wCi/ml). After recording baseline readings, PBS (untreated), the Ca®™"
ionophoreionomycin (1 umin panel Aand 10 umin panel B), or HAMLET were added (arrow) to the bacteria and fluorescence or radioactivity was measured over
time. Results from a representative experiment are shown for each. B, inset, HAMLET-induced “*Ca®" uptake was recorded over 10 min, demonstrating
“overshoot.” C, D39AlytA pneumococci were incubated with HAMLET for 1 h in the presence of RuR, nifedipine (NIF), verapamil (VPL), or sodium orthovanadate
(SOV), while monitoring membrane depolarization (gray bars) and death (black bars), and were expressed as a percentage of the HAMLET-alone treated
samples (HAMLET-alone value was set to 100%, represented by dotted line). The effect of ion transport inhibitors on HAMLET-induced Ca®" uptake was
assessed by monitoring (D) fluorescence (light blue bars) or **Ca®" uptake (dark blue bars) after 5 min of treatment. Results are expressed as the percentage of
HAMLET-alone treated samples (dotted line, 100% Ca®* influx). E, D39AlytA pneumococci were incubated with HAMLET for 1 h in the absence or presence of
2.5 umionomycin and viability was determined. F, D39AlytA pneumococci were incubated with HAMLET for 1 hin the presence of amiloride (Amil) or DCB, while
monitoring depolarization (gray bars) and death (black bars). Results are presented as in panel C. Panels C-F, data represent the mean of three individual
experiments, with S.D. error bars, and significance was calculated using the paired t test with a 95% confidence interval (* = p < 0.05; ** = p < 0.01).

acterized and shown to extrude Ca®?" from the cell (43, 44).
However, HAMLET-induced depolarization and death were
not dramatically changed in the presence of the P-type ATPase
inhibitor sodium orthovanadate; if anything, death was slightly
increased (p = 0.04) (Fig. 5C). As L-type Ca®>* channels have
been implicated in HAMLET-induced death of tumor cells
(45), we also evaluated the effect of the L-type channel inhibi-
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tors nifedipine and verapamil, neither of which had a significant
impact on HAMLET-induced depolarization or bacterial death
(Fig. 50).

In addition to P-type Ca”>*-ATPase transport activity, stud-
ies by Trombe (16) have revealed that Ca®>* transport in .
pneumoniae appears to be linked to Na™ via Na™/Ca®>" anti-
port activity, although the transporter(s) has not yet been iden-
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a 95% confidence interval (* = p < 0.05; ** = p < 0.01).

tified. To evaluate the potential influence of Na™ on the
HAMLET-induced Ca®" influx, we introduced the Na* chan-
nel inhibitor amiloride and its derivate 3',4'-dichlorobenzamil
(DCB), which, compared with amiloride, has greater inhibitory
specificity for a Na*/Ca®" exchanger (NCX). As both of these
compounds autofluoresce at the wavelengths used to detect
Fura-2 fluorescence, we used Fluo-4/AM to measure intracel-
lular Ca®>" levels, and also measured **Ca®" uptake. Both
amiloride and DCB almost completely inhibited the HAMLET-
induced rise in intracellular Ca>", as indicated both by the low
Fluo-4 fluorescence intensity (amiloride, p = 0.0084; DCB, p =
0.003) (Fig. 5D) and the lack of **Ca*>" uptake (amiloride, p =
0.0059; DCB, p = 0.0024) (Fig. 5D). This provided the first evi-
dence that Ca®" flux is linked to Na™ following exposure of S.
pneumoniae to HAMLET.

The importance of this Na*-dependent Ca®>" influx for the
bactericidal activity of HAMLET was demonstrated by the fact
that the presence of amiloride caused dose-dependent inhibi-
tion, with a 1 mMm concentration required for complete inhibi-
tion of depolarization (p = 0.0017) and Ca®" import, as well as
more than 50% log;, rescue of HAMLET-induced death (p =
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0.001), whereas the same effect was obtained using DCB at the
considerably lower concentration of 100 um (depolarization,
p = 0.0201; death, p = 0.0068) (Fig. 5, D and F). This pattern of
inhibition suggests that Ca®" transport occurs through a NCX
and is important for HAMLET-induced death.

To further verify the role of Na* for Ca>" influx, we moni-
tored HAMLET-induced pneumococcal **Ca®* uptake under
conditions that favor the operation of a NCX, which transports
Na™ out of the pneumococcus against its electrochemical
potential gradient while bringing Ca>" into the cell in the direc-
tion of its substantial gradient (Fig. 6A4) (16). First, we tested the
effect of the Na™ ionophore monensin, which, under normal
physiological buffer conditions (155 mm extracellular Na™),
will dissipate the Na™ gradient by increasing the Na* concen-
tration inside the cell, decreasing the driving force against Na™
exit via the NCX. In the presence of monensin, HAMLET-in-
duced **Ca®* uptake was enhanced in a concentration-depen-
dent manner (Fig. 6B) and the facilitated import of Ca®>* was
associated with an increased sensitivity to HAMLET-induced
death (p = 0.0017) (Fig. 6D). Second, Ca>" import and death
were measured in pneumococci exposed to HAMLET in an
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isoosmotic buffer containing 25% of the normal PBS Na™ con-
centration (PBS(25%)), which will facilitate Na™ exit via the
NCX. The **Ca®" uptake was greater in low-Na* PBS com-
pared with that observed in PBS containing a standard concen-
tration of Na™ (Fig. 6C) and was associated with a significantly
increased HAMLET-induced death (»p = 0.0017) (Fig. 6D).
Combined, these results confirm the role of Na™ in the bacte-
ricidal mechanism of HAMLET, and are consistent with our
hypothesis that a NCX is centrally involved in this activity.

Inhibiting Kinase Activity Limits the Lethality of HAMLET

In eukaryotic cells, sustained elevations of intracellular Ca**
are known to activate kinases, which, in turn, can trigger apo-
ptosis (46, 47). Ca>"-induced kinase activation has also been
recently described for conjugated linoleic acid (48), which is a
fatty acid that can complex with a-lactalbumin equally as well
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FIGURE 7. Inhibition of kinase activity protects pneumococci from HAM-
LET-induced death. S. pneumoniae D39 were incubated with HAMLET in the
absence or presence of the protein kinase inhibitor staurosporine (20 um).
After 1 h, cells were serially diluted and plated for viable counts, which are
presented as log,, of HAMLET-induced death. The data represent the mean =
S.D. of three individual experiments with error bars, and significance was cal-
culated using the paired t test with a 95% confidence interval (** = p < 0.01).

Mechanism of Apoptosis-like Death in Pneumococci

as oleic acid and yield similar lethal effects (49). To evaluate the
potential role of kinase activity in HAMLET-induced pneumo-
coccal death, we measured the bactericidal activity of HAM-
LET in the presence of the pan-kinase inhibitor staurosporine,
using a concentration range that has previously been reported
to be effective in bacterial systems (20 um (50)). We observed
that pneumococcal viability was dramatically rescued in the
presence of this inhibitor (»p = 0.0017) (Fig. 7), suggesting that
kinase activity is an important effector during HAMLET -in-
duced death.

Pneumococcal Physiological Death and Autolysis Use the
Same Activation Mechanism as HAMLET-induced Death

Previous work by Marie-Claude Trombe (51) has shown that
Ca®" is important for effective induction of competence and
autolysis. As the results of our studies point to a central impor-
tance of Ca®" and Na* as well as kinase activity for the bacte-
ricidal mechanism of HAMLET, we explored the possibility
that this same activation mechanism is also responsible for
physiological death that results in autolysis. To do this, we took
the same conditions that enhanced or inhibited HAMLET-in-
duced death and evaluated their effect on stationary phase star-
vation-induced death and subsequent autolysis.

Enhancement—Above, we showed that the Na™ ionophore
monensin enhanced HAMLET-induced **Ca®" influx (Fig. 6B)
and both monensin and the Ca®>" ionophore ionomycin
enhanced death (Figs. 5E and 6D) in the pneumococcus. To
determine whether monensin and ionomycin also enhance sta-
tionary-phase autolysis of the pneumococcus, we evaluated the
effect of their presence during growth of wild-type D39 pneu-
mococci, by monitoring the optical density over time. The con-
centrations of ionophore used did not affect growth in the
logarithmic phase. The optical density tracings (Fig. 84) dem-
onstrate that the bacteria died and autolysed sooner and more
rapidly in the presence of monensin, as well as ionomycin, sug-
gesting that conditions that favor the influx of Ca>* through a
Na™-dependent transport mechanism to reach a triggering
concentration, enhance autolysis in the pneumococcus. These
results suggest that conditions that enhance the bactericidal

A os B s C os;
=== Untreated === Untreated = ntreated
= Monensin —DcB | —— Staurosporine
- 4 4 — = 07
g 0.7 = lonomycin e 0.7 RuR g
<
=3 o (=3
8 06 1 8 061 S 06
2 2 £
0 ‘» e
< - o -
g 0.5 g 0.5 § 0.5
S 04 2 oz 2 04 1
o 8 o
[} D
a 2 a
8 03 A 8 03 0.3 1
0.2 T T T T T J 0.2 T T T T T 0.2 T T T T T T
200 350 500 650 800 950 1100 200 300 400 500 600 700 200 300 400 500 600 700 800
Time (min) Time (min) Time (min)

FIGURE 8. Augmenting sensitivity to the natural pneumococcal death pathway autolysis. A, pneumococci were grown to stationary phase, at which point
1X PBS (Untreated), 10 um ionomycin, or 100 um monensin was added to samples of the culture, with the Agyy ,m Subsequently plotted over time.
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activity of HAMLET also enhance starvation-induced death
and autolysis in stationary phase growth of pneumococci.

Inhibition—As addition of the Ca®>* -transport inhibitor RuR
and the Na™-inhibitor DCB each inhibited the bactericidal
activity of HAMLET, including Ca>" influx, depolarization,
and death (Fig. 5, C, D, and F), we predicted that these inhibitors
would have a similar inhibitory effect on stationary phase death
and autolysis. As shown in Fig. 8B, the activation of death and
autolysis was significantly delayed, causing the continual exten-
sion of the stationary phase. Similarly, pneumococci that were
grown in the presence of the kinase inhibitor staurosporine,
which blocked HAMLET -induced death (Fig. 7), also displayed
a prolonged stationary phase, delaying the activation of autoly-
sis (Fig. 8C). Thus, conditions that inhibit the bactericidal path-
way of HAMLET-induced death also appear to inhibit pneumo-
coccal autolysis.

Inhibition of Biofilm Formation

We have recently shown that pneumococci form complex
biofilms during colonization of the murine nasopharynx and
that the ability of strains to form biofilms on epithelial cells, but
not on abiotic surfaces, is directly associated with their ability to
cause nasopharyngeal colonization in vivo (30). As colonization
and infection through biofilm formation in vivo is thought to
require a tight regulation of death and survival of the bacteria
(1), we sought to determine how modulation of cell death
affects biofilm formation on epithelial cells. D39 bacteria were
seeded on top of NCI-H292 bronchial carcinoma cells in the
presence or absence of RuR and DCB, and biofilm formation
over 48 h was recorded as the total biomass. Even though these
inhibitors caused prolonged survival of planktonic pneumo-
cocci in stationary phase (Fig. 7B), the pneumococci formed
less structured biofilms of significantly lower biomass in the
presence of these inhibitors (RuR, p = 0.0171; DCB, p = 0.0078)
(Fig. 9). The significance of these findings are, first, that we have
identified components of a novel bactericidal activation mech-
anism induced by HAMLET that is also used by pneumococci
during physiological death, and second, that a tight regulation
of the execution of this death pathway by physiological stimuli
is required for optimal biofilm formation and, by extension, the
potential ability of bacteria to cause colonization and infection
in vivo.

DISCUSSION

This study characterized the activation mechanism of pneu-
mococcal death induced by HAMLET, a human milk protein-
lipid complex, and comprehensively demonstrated the impor-
tance of specific ion transport mechanisms and kinase
activation in triggering bacterial death (see Fig. 10 for a sum-
mary of our findings). These mechanistic features also appeared
to be the same or overlapping with the mechanism used to
trigger physiological death from starvation of the bacteria in
stationary phase cultures, and constitutes the first study to
address the activation events responsible for initiating death in
bacteria from natural stimuli. The importance of this death
mechanism was further verified when its modulation resulted
in significantly decreased biofilm formation, suggesting an
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FIGURE 9. Inhibitors of autolysis limit pneumococcal biofilm formation.
D39 was seeded into biofilms over a prefixed substratum of NCI-H292 cells in
chemically defined medium. At each media change, PBS (negative control),
30 uM RuR, or 100 um DCB was added so that it was present throughout the
48-h growth period. The data represent the total biomass of three individual
biofilms per sample after 48 h of incubation, with S.D. indicated with error bars
and significance calculated using the paired t test with a 95% confidence
interval (* = p < 0.05; ** = p < 0.01).

important role for a tight regulation of bacterial growth and
death during colonization and infection.

It is well-documented that breastfeeding protects infants
against infections, including those of the upper respiratory
tract, where S. pneumoniae is a major pathogen (52, 53). During
our studies of this protective activity we identified HAMLET, a
complex of human a-lactalbumin in a partially unfolded state
that is stabilized with the human milk-specific fatty acids oleic
and linoleic acid that constitutes ~75% of the fatty acid content
in human milk (27, 54). Active complex can be isolated from
human milk, that in itself has antibacterial activity (23, 54), but
the specific concentration of HAMLET present in human milk
is difficult to quantify as milk contains other antibacterial com-
ponents besides HAMLET, as the purification process has the
potential to induce HAMLET complex formation, and as we
lack specific tools to differentiate the bactericidal conformation
of a-lactalbumin from the natively folded version. Still, the con-
centrations required to kill pneumococci (5-100 pg/ml) lie well
within the physiological range, as the concentration of a-lactal-
bumin is especially high in human milk (2,000 pg/ml).

Our earlier studies have shown that HAMLET binds to the
pneumococcal surface and induces death with morphological
changes that are similar to those observed during eukaryote
apoptosis (26). In this study, we characterized the initiation
events leading to HAMLET-induced bacterial death, with a
focus on membrane-associated events leading to depolariza-
tion and ion transport events that we already know are involved
in HAMLET-induced tumor cell apoptosis involving mito-
chondria (33).

Membrane polarity and ion transport have been comprehen-
sively studied in eukaryotic systems and are centrally responsi-
ble for various cellular processes and events, including apopto-
sis (55). Furthermore, methodology to study these events is well
established. However, this is not true for prokaryotic systems.
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FIGURE 10. Summary model of membrane changes, ion transport events, and kinase activation during HAMLET-induced pneumococcal death.
HAMLET encounters S. pneumoniae and triggers membrane perturbations including depolarization (detected by monitoring DiBAC fluorescence) and loss of
integrity (propidium iodide fluorescence), with depolarization not sufficient for inducing death. Specificion fluxes that are induced include an efflux of K* (PBFI
fluorescence) and an influx of Ca?* (Fura-2 and Fluo-4 fluorescence; *°Ca®>* uptake). Although the efflux of K* does not appear to be required for the
bactericidal activity of HAMLET, the influx of Ca?* does, and is tightly linked to sodium gradients, suggesting a sodium-calcium exchange mechanism. These
HAMLET-induced transport events and death can be modulated by introducing related channel inhibitors or altering ion gradients. Additionally, staurospo-
rine, the calcium-related kinase inhibitor, blocks bactericidal activity of HAMLET.

There is a significant paucity in the literature of studies con-
cerning ion transport in bacteria and its role in cellular signal-
ing (13), especially as it concerns bacterial death. With the
exception of the studies by Trombe and co-workers (16, 51) of
the role of calcium in pneumococcal autolysis, and previous
work demonstrating that, in a few bacterial systems, various
ionophores can enhance autolysis (12, 56), the role of ion trans-
port in bacterial death has not been studied and no studies are
available describing the specific ion transport events and sig-
nals required for autolysis activation under natural circum-
stances. Similarly, virtually nothing is known about the specific
ion fluxes involved in the activation of bacterial death. Much of
this can be attributed to logistical challenges, as the smaller size
of bacteria is incompatible with standard methods of measure-
ment (i.e. patch clamping) and makes ion transport studies in
prokaryotes very difficult, which, we speculate, accounts for the
lack of literature describing bacterial ion transport. The central
novelty of this study, besides its findings, lies in the utilization
and establishment of methodology to comprehensively study
these events in Gram-positive organisms, providing the most
comprehensive evaluation and characterization of membrane
polarity and ion transport in a prokaryotic system to date.

Our results demonstrated that HAMLET associates with the
bacterial surface and triggers dissipation of membrane polarity,
with a subsequent loss of membrane integrity and eventual rup-
ture. Some groups have speculated that alterations in mem-
brane energy or polarity are involved in activating bacterial
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PCD, including pneumococcal autolysis (12, 57), but no specific
data supporting this has been provided. However, several of our
results suggested that depolarization in and of itself is not suf-
ficient to activate HAMLET-induced death. First, high potas-
sium in the extracellular environment (HKPBS), which caused
membrane depolarization by itself, did not induce pneumococ-
cal death, nor did it potentiate the bactericidal activity of
HAMLET. Second, HAMLET effectively depolarized the mem-
brane of S. aureus and E. coli, two species that are not killed by
HAMLET; when the same degree of depolarization was
induced in S. pneumoniae, it caused about 2 log, , of death. This
suggested that membrane depolarization during HAMLET -in-
duced death of pneumococci is an event that is parallel or sec-
ondary to specific ion transport events involved in triggering
bacterial death.

Besides the role of potassium in maintaining membrane
polarity, its efflux is an essential aspect of apoptosis activation
in higher eukaryotes and some fungi, and is required for caspase
and nuclease activation during the execution phase of cell death
(35, 58, 59). In this study, we showed for the first time that
potassium is transported out of a bacterial cell when induced to
die, but also showed that this efflux was not required for HAM-
LET to induce pneumococcal death. This suggests that cell
death regulation performed through the cytoplasmic concen-
tration of potassium ions is potentially confined to eukaryotes
and appeared at a later stage in evolution. Although the mech-
anism of potassium efflux in HAMLET-treated pneumococci is
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not fully clear, MSCs played a significant role due to the ability
of gadolinium to inhibit a large portion of this efflux. Using
gadolinium as an inhibitor, MSCs also appeared to play some
role in HAMLET-induced death, which was independent of
potassium. It can be speculated that MSCs could potentially
transport other ions over the membrane that facilitate HAM-
LET-induced death or that gadolinium inhibits other transport
mechanisms of importance for HAMLET-induced death. This
will be investigated in more detail in the future.

As HAMLET causes a calcium-dependent depolarization of
the mitochondrial membrane (33), and given the well-estab-
lished role of calcium as an important signaling molecule
involved in a wide variety of cellular processes (60, 61), we
investigated the role of calcium in HAMLET-induced pneumo-
coccal death. HAMLET caused a rapid and sustained increase
in the intracellular concentration of calcium. Inhibition of this
calcium influx by the calcium channel inhibitor RuR rescued
the pneumococci from HAMLET-induced death. The potent
inhibition of calcium transport and death seen also by the
sodium transport inhibitors amiloride and DCB, combined
with increased calcium influx and death associated with a
decreased sodium gradient, strongly indicated a role for sodium
in facilitating calcium influx, potentially through a sodium-cal-
cium exchanger. An interesting parallel is that mitochondria
express a NCX that is important for mitochondrial Ca*>* regu-
lation during apoptosis (40). Sodium-calcium exchange activity
has been suggested in earlier studies of the pneumococcus as
the primary transport mechanism responsible for calcium
uptake in the pneumococcus, with a direct link to optimal acti-
vation of competence and autolysis (16, 51, 62). Intriguingly,
sodium-dependent calcium influx was also required for activa-
tion of pneumococcal death in stationary phase, as RuR and
DCB both prolonged the duration of pneumococcal survival
and integrity during this phase, whereas monensin and iono-
mycin (which facilitated HAMLET-induced death) induced
earlier death in stationary phase growth without affecting
growth in the logarithmic phase.

The specific transporter involved is still unidentified. No
sodium/calcium motif transporters are annotated in any pneu-
mococcal genome and attempts to isolate the transporter by
co-immunoprecipitations with HAMLET have failed. We have
also produced mutants resistant to high concentrations of DCB
and sequenced them (data not shown). However, all mutants
had point mutations in the gene annotated as cardiolipin syn-
thetase, which likely results in pleiotropic membrane effects
that indirectly affect transporter activity and HAMLET acces-
sibility; no mutations were found in open reading frames that
contain transmembrane domains.

Calcium is a major signaling ion in many eukaryotic path-
ways that often targets downstream kinases (46, 47). As a recent
example, sodium-calcium exchange activity was shown to acti-
vate mitogen-activated protein kinases (MAPK), including p38
kinases, in a calcium-dependent manner, leading to elevation of
reactive oxygen species and subsequent apoptotic death (63).
Calcium-induced kinase activation has also recently been
described for conjugated linoleic acid (48), a fatty acid that can
associate with a-lactalbumin equally well as oleic acid with sim-
ilar physiological effects (49). The fact that staurosporine, a
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kinase inhibitor, blocked HAMLET-induced death and also
displayed the ability to extend stationary phase during normal
growth of D39 bacteria, provides an additional link between
physiological death and HAMLET-induced death. We have
identified a potential staurosporine-sensitive kinase and are
currently investigating its role in the bactericidal mechanism of
HAMLET.?

As death is tightly regulated in bacterial communities during
colonization or infection, our recent findings that pneumococci
colonizing the murine nasopharyngeal tissue i vivo or epithe-
lial cells in vitro grow in organized biofilms (30), combined with
the potential overlap in molecules involved in HAMLET-in-
duced death and physiological death, led us to predict that
modulating components involved in the activation pathway of
HAMLET would affect biofilm formation in vitro. As expected,
we found that increasing the survival of the bacteria by inhibit-
ing calcium influx to delay autolysis activation caused a signif-
icant decrease in biofilm biomass in vitro. This supports the
postulated idea that bacteria that live in complex communities
(e.g. biofilms) during colonization and infection require tight
regulation of both bacterial survival and death for optimal func-
tion. It also supports the importance of the PCD systems that
have been identified in bacteria and have been tied to a variety
of important functions (5, 64, 65), including biofilm integrity.
However, our studies are the first to mechanistically address the
initiation of bacterial death.

HAMLET was recently shown to cause phenotypic changes
in both S. pneumoniae and Haemophilus influenzae similar to
those observed during eukaryotic apoptosis. Both bacterial spe-
cies displayed cell shrinkage, DNA condensation, and high
molecular weight fragmentation in association with HAMLET-
induced death, and, at least for pneumococci, this was partially
dependent on serine protease activity (26). We also have evi-
dence that these organisms, as well as the HAMLET-insensitive
species S. aureus and E. coli, all respond to starvation-induced
death with apoptosis-like DNA fragmentation. Thus, even
though HAMLET per se cannot trigger death in all bacteria, it is
possible that the elements that make up the core pathway of
death are conserved throughout a wider pool of bacterial spe-
cies, but that the components responsible for activation of this
pathway are presented with varying degrees of accessibility to
HAMLET, resulting in varying degrees of bactericidal activa-
tion and corresponding susceptibility.

This concept is supported by the identification of apoptosis-
like features of death seen in all organisms tested, and supports
the widely accepted endosymbiotic theory that links mitochon-
dria with bacteria. Furthermore, as HAMLET also specifically
triggers apoptosis in tumor cells, we may speculate on the
potential overlap in death pathways that exist between these
two systems, with a more primitive, evolutionarily conserved
PCD pathway that can be activated in bacteria.

Overall, the results of our present study provide a compre-
hensive framework for future investigation of the ion transport
targets that are central to the activity of HAMLET and/or to
activation of natural physiological bacterial death. Further elu-

3 L.R. Marks, E. A. Clementi, and A. P. Hakansson, unpublished observations.
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cidation of these pathways is a highly attractive endeavor, as the
bacterial components that are responsible for executing these
programs, possibly in many different bacterial species, hold
enormous potential as novel drug targets and could be
exploited by new antimicrobial and antitumor therapies to acti-
vate death in both systems.
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