antitumor immunity (8). Thus, linkage of tu-
mor antigens with mDF2 enabled not only
efficient APC targeting, but presumably also
activated DC maturation in vivo. The impor-
tance of DC maturation in induction of adap-
tive immune responses has been recently sug-
gested by a similar observation that linkage
with agonistic DEC205-specific antigen fa-
cilitated efficient antigen uptake and process-
ing by DCs, yet this construct induced toler-
ance unless DCs were first activated by CD40
engagement (19).

We report here that mDF2, which has
hitherto been considered a peptide with direct
antimicrobial effects, modulates adaptive im-
mune response not only by recruiting iDCs to
the site of inflammation through chemokine
receptor CCR6 (8, 9) but also by activating
signaling for DC maturation through a micro-
bial pattern recognition receptor, TLR-4. Our
data suggest that mDF2f could be considered
a so-called endogeneous ligand of TLR-4
signaling as proposed, for example, for heat
shock antigens Hsp60 and Hsp70 expressed
during stress and/or necrosis (20, 21). For-
mally, the possibility remains that mDF23
may act as a potentiator of subthreshold
amounts of LPS, tightly bound to it in a
complex during defensin purification (14).
The biological relevance of our finding re-
mains to be elucidated. It is tempting to spec-
ulate that some B-defensins may function to
counter suppressive microbial factors by gen-
erating more robust host inflammatory and
T, 1 responses. Furthermore, we do not know
yet whether mDF2 activates other subsets of
immune cells, such as mature DCs, although
our preliminary data suggest that it may ac-
tivate the macrophage cell line RAW267
(14). Finally, the natural adjuvant property of
mDF2 may also be utilized for the develop-
ment of more effective vaccines and immu-
notherapeutics, for example, by targeting
and/or recruiting iDCs in vivo, and at the
same time, activating them to elicit potent T
cell immunity (8, 10).
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Cytoprotective Role of Ca**-
Activated K™ Channels in the Cardiac

Inner Mitochondrial Membrane

Wenhong Xu,? Yongge Liu,2 Sheng Wang,2 Todd McDonald,?
Jennifer E. Van Eyk,3 Agnieszka Sidor,” Brian O'Rourke’*

lon channels on the mitochondrial inner membrane influence cell function in
specific ways that can be detrimental or beneficial to cell survival. At least one
type of potassium (K*) channel, the mitochondrial adenosine triphosphate-
sensitive K™ channel (mitoK,,), is an important effector of protection against
necrotic and apoptotic cell injury after ischemia. Here another channel with
properties similar to the surface membrane calcium-activated K* channel was
found on the mitochondrial inner membrane (mitoK_,) of guinea pig ventricular
cells. MitoK, significantly contributed to mitochondrial K* uptake of the
myocyte, and an opener of mitoK ., protected hearts against infarction.

Sustained adenosine triphosphate (ATP) pro-
duction by mitochondria requires mainte-
nance of a large electrochemical gradient for
protons across the mitochondrial inner mem-
brane. This proton motive force is established
by active proton pumping by the electron
transport chain, producing both a pH gradient
(ApH) and a mitochondrial transmembrane
potential (AW ). Because AW _ can be depo-
larized by energy-dissipating ion flux, the
mitochondrial inner membrane was earlier
assumed to have a low resting permeability to
cations (/). However, it is well established
that both divalent (2) and monovalent cation
transport pathways (uniporters) are present
on the inner membrane and that K* conduc-
tance can be substantial in energized mito-
chondria (3, 4).

A growing body of evidence indicates that
mitochondrial ATP-sensitive K* channels
(mitoK , 1) are important determinants of re-
sistance to ischemic damage (5, 6) and apo-
ptosis (7) and may be clinically recruitable to
prevent or mitigate cardiac or neuronal isch-
emic injury (8). To determine whether other
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K™* channel subtypes are also present on the
cardiac mitochondrial inner membrane, here
we use direct single channel patch-clamp
recordings of cardiac mitoplasts and mito-
chondrial K* flux measurements to identify
mitochondrial Ca®*-activated K* channels
(mitoK,) as a component of the mitochon-
drial background K* conductance, and we
test whether mitoK., confers protection
against infarction in the intact heart.
Mitoplasts prepared from isolated cardiac
myocytes were patch-clamped (9) to identify
the major single channel conductances of the
inner membrane. In K* solutions (150 mM
K*) containing 512 nM Ca?*, single channel
currents with a full unitary conductance of
307 £ 4.6 pS (n = 4 of 17 single channel
patches) were often observed, with openings
frequently interrupted by transitions to sub-
conductance states ranging from 24 to 161 pS
(Fig. 1, A to C). When pipettes were back-
filled with the K* channel toxin charybdo-
toxin (ChTx; 200 nM) to permit slow diffu-
sion of the toxin into the pipette tip, channel
activity disappeared within 30 min, indicative
of the probable presence of K., channels
(Fig. 1D). In some patches in 512 nM Ca?*,
and particularly at higher bath Ca?* concen-
trations, channel activity was too great to
identify individual channel openings; in these
cases, ensemble average patch currents were
analyzed and shown to be reversibly in-
creased by raising Ca®* in the medium (Fig.
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1E). This activation by Ca?* was eliminated
when ChTx was present in the pipette (Fig.
1E). The ChTx-sensitive channels were unaf-
fected by applying the mitoK,, inhibitor
5-hydroxydecanoate (500 pM), excluding a
contribution from mitoK ,,, which was not
expected to be activated under the experi-
mental conditions (Fig. 1D).

To determine whether the K, activity
observed in single-channel recordings con-
tributed significantly to the total K* influx
of intact mitochondria, we performed K*
concentration ([K*]) jump experiments in
isolated cardiac myocytes loaded with the
K™ -selective fluorescent indicator PBFI
(9), with the loading protocol optimized to
achieve preferential labeling of the mito-
chondrial matrix (Fig. 2A). Although K,
channels are not believed to be present on
the surface membranes of ventricular myo-
cytes, we took the further precaution of
permeabilizing the surface membrane with
saponin to eliminate potential complica-
tions associated with K* flux across the
sarcolemma or signal contamination from
cytosolic PBFI during wide-field fluores-
cence imaging. Using a rapid switching
device capable of changing solutions in <2
s (Fig. 2B), we increased bath [K*] from 0
to 5 mM, and we determined net K* flux
into the matrix as the change in the fluo-
rescence excitation ratio of PBFI (340/380

Fig. 1. ChTx-sensitive A
channels in cardiac mi-
toplasts. (A) Single chan-
nel recording of a 300-
pS channel within min-

control

+60 mV

REPORTS

nm). The response to K* was reversible
and reproducible (Fig. 2C) and was accel-
erated, as expected, by the K™ ionophore
valinomycin (3). In paired experiments,
100 nM ChTx slowed the time constant of
mitochondrial K* uptake by 8- to 10-fold
(Fig. 2, D and E). The raté of K* influx was
also inhibited by the K* channel blockers
Ba?* and quinine (Fig. 2E), known inhib-
itors of surface membrane K., channels
(10, 11) that also block K* influx into
isolated mitochondria (12, 13).

As ChTx has been shown to block several
K, subtypes and may also inhibit voltage-
gated K™ channels of the Kv1.3 type, we also
tested the efficacy of iberiotoxin, which is
selective for large conductance K, channels
of the BK subtype (/4). Similar to ChTx,
iberiotoxin (100 nM), slowed the time con-
stant of K* influx by about 146%, indicating
a contribution from large conductance K.,
channels (Fig. 2E). We further confirmed the
involvement of the large conductance K.,
channel by using the K, opener NS-1619.
This compound opens the BK, subtype of
surface membrane K., without affecting
small- or intermediate-conductance K, fam-
ily members (15). Mitochondrial K* uptake
was accelerated about twofold by NS-1619
(Fig. 2F).

To determine whether K, channel pro-
teins were present in mitochondrial mem-

200 nM ChTX

'T'"‘“" l" l +60 mV N

branes, we performed immunoblot analysis
on mitochondria from isolated myocytes (9).
Immunostaining of intact myocyte proteins
with an antibody against the surface mem-
brane BK_, channel showed at least two
major bands of about 55 and 220 kD (Fig.
3A). In contrast, a single protein band of
about 55 kD, similar to the predicted size of
the o subunit of K, was evident for an equal
amount of mitochondrial protein.

We used a highly purified liver mito-
chondrial inner membrane preparation to
more rigorously confirm the mitochondrial
localization of the BK., immunoreactive
protein. On a one-dimensional gel, BK,
antibody staining showed a prominent band
at about 80 kD and two fainter bands in the
50- to 75-kD range (Fig. 3C) displaceable
by control antigen (Fig. 3B). Further sepa-
ration of the mitochondrial proteins by two-
dimensional polyacrylamide gel electro-
phoresis (PAGE) (pH 3 to 10; 10% SDS)
revealed a plethora of mitochondrial inner
membrane proteins by silver staining (Fig.
3D). In the range of pH 5 to 7.5, 40 to 85
kD, the most prominent spot was the mito-
chondrial ATP synthase B chain (~56 kD),
which we used as a landmark for the sub-
sequent immunoblot analysis (Fig. 3D).
The antibody to BK ., specifically labeled a
protein spot of ~80 kD that was clearly
separated from the ATP synthase by virtue

utes of making the gi-
gaohm seal (control)
and 30 min later (200
nM ChTx) after toxin dif-
fusion into the tip. (B)
Amplitude histograms of
the full and subconduc-
tance openings for the
patch shown in (A). (C)

+20 mvV

-20 mv

+20 mV

-20 mv

-60 mv

Mean conductance lev-
els for 17 single channel
patches. Transitions be-
tween levels were com- EL_
monly observed within 2

the same recordings. (D)

Inhibition of mitoplast

ensemble average cur- C
rents (at —60 mV) by
ChTx. Paired cuments £
were normalized to ini- &
tial levels recorded with- &
in the first 5 min of the
experiment. Currents
were reported without
correction for leak cur-
rent across the seal, thus
underestimating the
fraction of total current
attributable to ChTx-
sensitive channels. Filled
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of its charge differential in the isoelectric
focusing dimension (pH 5 to 7.5 gradient).

The opening of the mitoK,,, channel
plays an important role in protecting hearts
against ischemic damage; therefore, we rea-
soned that activating K., channels might
similarly protect hearts against infarction. We
subjected perfused hearts to global ischemia
and reperfusion after pretreatment with NS-
1619 in the presence or absence of the K,
antagonist paxilline (9, 15). Left ventricular

REPORTS

developed pressure (LVP) and heart rate were
unchanged during the 5- to 10-min exposure
to the K, channel compounds (Table 1). As
expected from the cross-reactivity of the K,
opener with the vascular surface membrane
isoform of the channel, NS-1619 initially in-
creased coronary flow by 24% at 10 uM and
66% at 30 uM during exposure. This increase
in flow was blocked by coapplication with
paxilline, which had no effect on flow in the
absence of the opener. We applied global
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Fig. 2. Effects of K., inhibition on mitochondrial K* uptake. (A) Pattern of PBFI fluorescence
indicated preferential mitochondrial loading of the dye, which was retained upon saponin perme-
abilization. (B) Rapid exchange of the bathing medium confirmed by superfusion and washout of
100 pM carboxyfluorescein (CF). (C) Concentration jumps from 0 to 5 mM K+ accompanied by a
reproducible increase in mitochondrial matrix PBFi excitation ratio (F340/F380 nm), permitting
paired experiments within a field containing five to eight myocytes. (D) Inhibition of K* uptake in
the presence of 100 nM ChTx. ChTx slowed K* uptake by ~20-fold in the experiment shown. (E)
Summary of the effects of K., channel inhibitors on the time constant of mitochondrial K* uptake.
Inhibition of K* uptake depended on ChTx concentration and was also affected by Ba®*,
iberiotoxin, and quinine. (F) The BK_, channel opener NS-1619 accelerated the rate of K* uptake
by more than twofold. Paired t test: *P < 0.05, 1P, < 0.01, {P < 0.001 versus control.
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ischemia to eliminate coronary flow as a
factor during the ischemic phase [see com-
ments on selectivity in (9)]. No significant
difference between groups in heart rate or
flow was evident after reperfusion (Table 1).
LVP was better preserved in the NS-1619—
treated groups; however, this difference did
not reach statistical significance. A 5-min
preischemic exposure to 30 pM NS-1619
approximately halved the extent of myocar-
dial infarction, a level of protection similar to
that reported for the mitoK , ;,, channel open-
er diazoxide in the same infarction model
(16) (Fig. 4). For 10 pM NS-1619, no pro-
tection was observed for a 5-min pretreat-
ment, but extending the exposure time to 10
min resulted in protection in four of six hearts
(Fig. 4). Paxilline alone had no effect on
infarct size, but it completely blocked the
protection afforded by 30 pM NS-1619.
The results indicate that an isoform of the
large conductance K, exists on the mito-
chondrial inner membrane and constitutes a
large fraction of K* uniport activity. Mi-
toK,-mediated current was detectable at cy-
tosolic Ca®>* concentrations in the range of
resting Ca®”" in the myocyte (~200 nM; see
Fig. 2) and enhanced at high cytosolic Ca?™*
concentrations (Fig. 1E). Because the ChTx-
sensitive current in mitoplast-attached patch-
es increased when Ca?* outside the pipette
was raised, the relevant regulatory site for
Ca?* on the channel is likely to face the
mitochondrial matrix. MitoK., would then
be activated as matrix Ca2™ rises in response
to an increase in the average cytosolic Ca?™
load, such as occurs during an increase in
cardiac work or ischemia. Thus, mitoK,
may play an important role both in modulat-
ing bioenergetics under physiological condi-
tions and during conditions of Ca?* overload.
The function of mitoK, may be to im-
prove the efficiency of mitochondrial ener-
gy production. K™ is required for optimal
functioning of oxidative phosphorylation
(17) and may also modulate other mito-
chondrial functions, such as reactive oxy-
gen species production. The mitochondrial
K™ cycle, involving electrophoretic K* up-
take and electroneutral K*/H* exchange, is
important for mitochondrial volume regu-
lation (4); this too can influence substrate
oxidation (/8). Analogously, the activation
of mitoK,, improves ATP production
(19), dampens mitochondrial Ca®* accu-
mulation during ischemia (20, 21), and al-
ters the rate of mitochondrial reactive oxy-
gen species production (22, 23), the latter
leading to the activation of intracellular
signaling pathways (24). The present find-
ing, that activating a completely different
class of mitochondrial K* channel confers
a similar degree of protection, independent-
ly confirms that mitochondrial K* influx is
an important factor in mitigating injury, a
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(Liver) bands. An increase in background staining was
evident when antigen was present. (C) One-dimensional PAGE of liver mitochondrial inner
membrane (10 p.g) stained with Gel Code blue (left) or antibody to BK, (right). (D) Enlarged region
(pH 5 to 7.5 zone) of a two-dimensional polyacrylamide (pH 3 to 10;10% SDS-PAGE) silver-stained
gel (lower) and its corresponding immunoblot (upper), performed sequentially, first with the
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circled and the ATP synthase B chain is indicated by arrows.

Table 1. Hemodynamic data. Cardiac hemodynamics and coronary flow during control perfusion,
NS-1619 application, and post-reperfusion. Details are as described in (9). Values listed under drug and
reperfusion were obtained at the end of drug perfusion and at the end of the 2-hour reperfusion,

respectively.

Baseline Drug Reperfusion
LVP (mmHg)
Control 104+ 9 34+ 6
NS-1619 (10 pM) 110+ 5 104+ 5 41+ 6
NS-1619 (30 puM) 108+ 3 93 1 56+ 5
NS + paxilline 103 £ 14 88+ 9 3310
Paxilline 113 4 1M1 * 3 33x 5
Heart rate (beats/min)
Control 180+ 8 157« 7
NS-1619 (10 pM) 186 + 12 189 + 21 157 + 12
NS-1619 (30 wM) 183+ 9 183 £ 12 133+ 9
NS + paxilline 180 7 168 9 148+ 9
Paxilline 167 S 160+ 7 147+ 5
Coronary flow (mi/min)
Control 43+ 6 18+ 2
NS-1619 (10 M) 42+ 5 52 * 6* 21+ 3
NS-1619 (30 wM) 35 5 58 + 6* 19+ 2
NS + paxilline 48+ 3 54+ 3 21+ 5
Paxilline 51+ 4 51+ 3 16x 1

*P < 0.05 versus baseline value.

conclusion that has been difficult to prove
unequivocally for mitoK ,, with diazoxide
because of the potentially confounding
nonspecific effects of the drug at high con-
centrations (25).

Mitochondrial K* uptake is increased by
energization (3, 26) and Ca2™* (/3) in isolated

mitochondria, but the molecular identity of
the uniporter is unknown. Interestingly, the
size of the mitoK ., channel monomer is sim-
ilar to other putative mitochondrial K* chan-
nels. Several proteins in the same molecular
size range (50 to 60 kD) were purified from
mitochondria with a quinine affinity column

stitution (27, 28): similarly, a 54-kD protein
was tentatively identified as a component of
mitoK _ (29). The sensitivity of such recon-
stituted channels to K* channel toxins and
their potential immunoreactivity with anti-
bodies to BK., remain to be investigated.
Excluding mitoK,p, which would not be
active under energized conditions, the present
findings are the only ones known to link
mitochondrial K* flux to a specific mito-
chondrial K* channel. K, channels have
been reported in glioma cell mitoplasts (30),
but their contribution to K* flux and their
physiological role were not explored.

In summary, the present findings iden-
tify mitoK., in cardiac mitochondria, dem-
onstrate that it contributes to mitochondrial
K™* uniport conductance, and assign a role
for mitoK, in protection against ischemic

injury.
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Hijacking of Host Cell IKK
Signalosomes by the
Transforming Parasite Theileria
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Parasites have evolved a plethora of mechanisms to ensure their propagation
and evade antagonistic host responses. The intracellular protozoan parasite
Theileria is the only eukaryote known to induce uncontrolled host cell prolif-
eration. Survival of Theileria-transformed leukocytes depends strictly on con-
stitutive nuclear factor kappa B (NF-kB) activity. We found that this was
mediated by recruitment of the multisubunit IkB kinase (IKK) into large, ac-
tivated foci on the parasite surface. IKK signalosome assembly was specific for
the transforming schizont stage of the parasite and was down-regulated upon
differentiation into the nontransforming merozoite stage. Our findings provide
insights into IKK activation and how pathogens subvert host-cell signaling

pathways.

Theileria parva and Theileria annulata are
tick-transmitted protozoan parasites of cattle
that cause severe lymphoproliferative diseas-
es in large areas of Africa and Asia. Unpro-
tected animals that become infected almost
invariably succumb to theileriosis. Theileria
spp. are closely related to other apicomplexan
parasites, such as Plasmodium, Toxoplasma,
and Babesia spp. The intracellular schizont
stages of T parva and T. annulata possess the
capacity to transform the target host cells
they infect. 7. parva transforms T cells or B
cells, whereas T. annulata induces uncon-
trolled proliferation of cells of monocyte/
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macrophage lineage and B cells. The pro-
nounced pathology and mortality caused by
Theileria infections is tightly associated with
the parasite’s transforming capacity. Theile-
ria-transformed cells acquire a metastatic
phenotype, allowing them to proliferate in
nonlymphoid as well as lymphoid host tis-
sues, and also to form tumors when injected
into immunocompromised mice (I).

Among its many functions, the transcrip-
tion factor NF-kB also contributes to the
regulation of genes that prevent apoptosis (2).
Stimuli that trigger NF-kB activation all con-
verge onto a multisubunit kinase complex
called IKK (IkB kinase) that consists of two
catalytic subunits, IKK1 (IKKa) and IKK2
(IKKB), and a modulating subunit NEMO
(IKKv). IKK phosphorylates IkBs, the cyto-
plasmic inhibitors of NF-«kB, tagging them
for proteasomal degradation, thus allowing
NF-kB to translocate to the nucleus (3). In
Theileria-transformed cells, NF-kB is consti-
tutively activated in a parasite-dependent
manner (4, 5). This results in the expression
of a number of kB-dependent genes, includ-
ing several anti-apoptotic genes such as c-
FLIP, c-iap, and xiap (6). Interference with
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the NF-«B pathway in Theileria-transformed
cells results in rapid apoptosis (7). Although
the biological relevance of constitutive NF-
kB activity in the survival of Theileria-trans-
formed leukocytes is obvious, the way in
which the parasite induces NF-«kB activation
is still unknown.

. In contrast to most other apicomplexan
parasites, which are enclosed in parasitopho-
rous vacuoles, Theileria schizonts inhabit the
host cell cytoplasm (8), where they are ex-
posed to the cytosol and cytoskeleton of the
infected cell. Several drugs, described in oth-
er systems to interfere with upstream compo-
nents of the NF-«kB activation cascade, fail to
block Theileria-induced NF-«kB activity (9),
suggesting that the parasite might short-cir-
cuit the NF-kB activation pathway. We
performed dual-staining confocal immuno-
fluorescence microscopy using antibodies di-
rected against a parasite surface protein, PIM,
in combination with antibodies directed
against subunits of the IKK complex (Fig. 1).
Surprisingly, we found the 7. parva schizont
to be decorated with macromolecular foci
detected by antibodies to IKK1 (Fig. 1A),
IKK2, and NEMO (fig. S1). The number of
IKK foci clustered at the parasite surface
correlated with the size of the schizont, which
can differ considerably from cell to cell. In
addition, the size of the foci varied from
structures that were barely detectable by light
microscopy to particles with an apparent di-
ameter of several hundred nanometers. V5-
epitope—tagged forms of bovine IKK 1, IKK2,
or NEMO expressed in 7. parva—transformed
T cells became incorporated into the parasite-
associated foci (shown for IKK2 in Fig. 1B),
demonstrating that the foci can accommodate
the different bovine IKK components. IKK
foci could also be detected in T. parva—trans-
formed B cells, as well as in monocyte/mac-
rophage-derived cell lines and B cell lines
transformed by 7. annulata (Fig. 2).

The IKK complex is often referred to as
the “IKK signalosome” because of its size
(10), but activated signalosomes have not
been visualized so far. Using in vitro kinase
assays, we detected robust IKK activity in T.
parva—transformed T cells (/7). More impor-
tantly, phospho-specific antibodies readily
detected phosphorylated forms of IKK (P-
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