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Fig. 3. The generation
of siRNA requires RNAPII. (A) The wild-type
and m203 mutant
RNAPII molecules both
localize to the pericentromeric heterochromatin. ChIP analysis
was performed with an
antibody against the Cterminal domain of
RNAPII (CTD) or an
antibody to hemagglutinin (HA) as a negative
control. The dh pericentromeric repeat, as well
as the transcribed leu1
gene, accumulated in
immunoprecipitates
obtained from both the
wild-type and rpb2m203 extracts. In contrast, the gene-free
upstream region of
ste11 gene, which is
not transcribed in vegetative cells (20), did not
accumulate. No signal
was obtained from immunoprecipitates generated by the control anti-HA antibody. Relative amount
of the PCR product is shown below each lane. ND, not determined. (B)
Accumulation of transcripts derived from the dh repeat was determined with
semiquantitative strand-specific reverse transcription–polymerase chain reaction (RT-PCR). Actin (act1) was used as a positive control. RNA samples subjected to first-strand cDNA
synthesis without reverse transcriptase were used to discriminate genomic DNA contamination (jRT).
for, forward strand; rev, reverse strand. (C) Mean signal intensities and standard deviation of three
independent RT-PCR experiments as in (A) were plotted. Relative amounts of RT-PCR product from each
mutant and the wild type are shown. dh transcripts are hardly detectable in the wild type, whereas both
forward- and reverse-strand transcripts accumulated to high levels in the mutants. (D) Northern blot
analysis of siRNA corresponding to the centromeric dh repeat. siRNAs spanning 22 to 26 nt are readily
detected in the wild type. The siRNAs are lost in the Ddcr1 RNAi mutant, as well as rpb2-m203 and the
rpb2-m203 Ddcr1 double mutant. Blots were reprobed for U6 snRNA as a loading control.

In S. pombe Rbp2, amino acid residue
Asn44 corresponds to Tyr57 of Saccharomyces
cerevisiae Rbp2 (Fig. 2). This residue is located
on the surface of the protrusion domain of the
RNAPII complex (16, 17). We speculate that
conversion of Asn44 to Tyr in rpb2-m203
may diminish possible interactions between
RNAPII and unknown factors required for
generating siRNA. S. cerevisiae Rpb2 already
has Tyr at this site, and the surrounding region
is less conserved than the protein as a whole
(Fig. 2). This may reflect the absence of RNAi
machinery in budding yeast (3).
It has recently been shown that the two
largest subunits of RNA polymerase IV
(RNAPIV) in Arabidopsis are required for
siRNA production from pericentromeric 5S
ribosomal RNA gene clusters and AtSN1 retroelements and contribute to heterochromatic organization (18). However, homologs
of these subunits are found only in the plant
kingdom (18, 19). Notably, the rpb2-m203
mutation also has a highly specific effect on
siRNA-directed heterochromatin formation in
fission yeast, but unlike RNAPIV, Rpb2 is
conserved in higher eukaryotes. It is likely
that a role for RNAPII in RNAi is similarly
conserved.
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Apolipoprotein L-I Promotes
Trypanosome Lysis by Forming
Pores in Lysosomal Membranes
David Pérez-Morga,1* Benoit Vanhollebeke,1*
Françoise Paturiaux-Hanocq,1 Derek P. Nolan,2 Laurence Lins,3
Fabrice Homblé,4 Luc Vanhamme,1 Patricia Tebabi,1
Annette Pays,1 Philippe Poelvoorde,1 Alain Jacquet,5
Robert Brasseur,3 Etienne Pays1.
Apolipoprotein L-I is the trypanolytic factor of human serum. Here we show that
this protein contains a membrane pore-forming domain functionally similar to
that of bacterial colicins, flanked by a membrane-addressing domain. In lipid
bilayer membranes, apolipoprotein L-I formed anion channels. In Trypanosoma
brucei, apolipoprotein L-I was targeted to the lysosomal membrane and
triggered depolarization of this membrane, continuous influx of chloride, and
subsequent osmotic swelling of the lysosome until the trypanosome lysed.
Apolipoprotein L-I (apoL-I) is a human-specific
serum apolipoprotein bound to high-density
lipoprotein (HDL) particles (1–5). This pro-
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tein kills the African trypanosome Trypanosoma brucei brucei, except subspecies adapted
to humans (T. b. rhodesiense, T. b. gambiense)
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Fig. 1. Colicin-like activity of apoL-I. (A) Various pCT3-derived plasmids (14) were transfected into
E. coli C600, and the bacterial plating efficiency was scored by comparing expression induction or
not, after overnight incubation at 37-C. (B) Effect of the apoL-I and colA pf domains, flanked or
not by pelB, on growth of E. coli. Expression of the two domains was induced (þ) or not (j) by
IPTG (isopropyl-b-D-thiogalactopyranoside). (C) Effect of the apoL-I and colA pf domains on the
membrane potential of E. coli, as measured after 3 hours by flow cytometry with the DiOC2 (3)
probe. The ionophore CCCP (5 mM) was used to visualize the fluorescence shift linked to
membrane depolarization.

(5–7). Trypanosome lysis results from uptake of apoL-I into the lysosome (6), and is
thought to involve HDL receptor–mediated
uptake of the lytic factor (7–10), which
would lead to disruption of the lysosomal
membrane following lipid peroxidation
(8, 11).
The C-terminal F342-L398 region of apoL-I,
which interacts with the T. b. rhodesiense
neutralizing protein SRA, is not required
for trypanolytic activity (6). To define the
1
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lytic domain, we compared apoL-I with the
database of protein family motifs (Pfam). A
marginal Pfam match (E 0 0.95) suggested
a similarity between the E77–W235 region
and the pore-forming (pf) domain of bacterial colicins (12–14), e.g., V389–H592 of
colicin A (colA) (fig. S1). We investigated
whether this region might possess bactericidal activity similar to that of the colA pf
domain by assessing the activity of a plasmid
encoding the colA pf domain fused to the
membrane signal peptide pelB (13, 14), in
which the colA sequence was replaced by
different regions of apoL-I (Fig. 1A). The
M60-L398 region of apoL-I, which corresponds to the secreted 39-kD form of
apoL-I (1), could replace the colA pf domain
in the assay, irrespective of whether pelB
was present. Deletion of the entire Cterminal region from P304 did not affect
bactericidal activity. A further deletion from
A238 resulted in complete loss of activity,
which was rescued by the presence of pelB.
The region deleted (A238–L398) was not in
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itself bactericidal even if pelB was added.
Thus, the M60–W235 region was responsible for the bactericidal activity, and the
C-terminal region P304–L398 was dispensable. The intervening region (A238–P304)
was functionally analogous to pelB, although it did not act as a translocation
signal peptide because it could not replace
pelB in the colA pf domain assay. We will
refer to this region as membrane-addressing
(ma). Computational modeling of the ma
sequence revealed two successive amphipatic a helices with a potential for hydrophobic interactions (fig. S2). Accordingly,
the synthetic L248–A291 peptide exhibited
affinity for lipids, as observed by measurement of the surface pressure of a DOPC
(dioleoyl phosphatidyl choline) monolayer
after injection of the peptide underneath the
lipid phase. For an initial lipid pressure of
È8 mN/m, an increase of 23 mN/m T 2 mN/m
was observed (n 0 3), which is close to the
effect of known lipid-interacting peptides
(15).
The role of the different helices of the apoLI bactericidal domain was assessed in Escherichia coli (Fig. 1A). As also observed for the
colA pf domain (14), helices 1 to 3, 1 to 7, or 8
to 10 were inactive even when provided with
pelB; however, when flanked by pelB, the
hel4-10 region was active, although much less
so than the full domain. A pelB-containing
chimera associating helices 1 to 7 from colA
and 8 to 10 from apoL-I was active, which
could be important given the primary role of
helices 8 and 9 in membrane insertion of the
colicin pf domain (13, 14).
The bactericidal domain of apoL-I functionally mimicked the colA pf domain, because both domains similarly impaired growth
of E. coli provided that the pelB module
was present (Fig. 1B), and in both cases the
effect on the bacterial proton electrochemical gradient was the same as that produced
when adding CCCP (carbonyl cyanide mchlorophenylhydrazone), demonstrating that,
like colicins, apoL-I depolarizes the bacterial
membrane (Fig. 1C).
Reconstitution of the putative pf domain of apoL-I in planar lipid bilayer
membranes allowed passage of steady-state
currents that displayed small fluctuations
between discrete levels, consistent with the
presence of ion channels (Fig. 2, A and B).
The magnitude of the unitary channel conductance ranged between 2.5 and 10 pS,
which is similar to the conductance of the
isolated pf domain of colicins (16). At
equal KCL concentration (EKCl^) (300 mM)
on both sides of the membrane, the currentvoltage curve was linear between T50 mV,
whereas in asymmetric solution (300/590
mM), the reversal potential shifted toward
positive voltages (Fig. 2C). The relative permeability of anions over cations was 3.2 T 0.1.
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This selectivity is opposite to that reported for
planar lipid bilayer membranes (17), indicating that apoL-I increases the anion
permeability of the membrane. Reconstitution of recombinant apoL-I into liposomes clearly altered the Clj permeability
of the bilayer, as indicated by the large influx of 36Clj observed in the presence of
apoL-I. This result was not observed with
apoL-I lacking the putative pf domain
(Fig. 2D). The influx of 36Clj was higher
at pH 5 than at pH 7, and it was insensitive
to the anion-channel inhibitor DIDS (4,4diisothiocyanatostilbene-2,2-disulfonic acid)
(Fig. 2D).
Several apoL-I recombinant proteins were
reconstituted into apoL-I–depleted normal
human serum (NHS) (6) (fig. S3) and assayed
for trypanolytic activity using NHS-sensitive
(SRAj) and NHS-resistant (SRAþ) T. b.
rhodesiense clones. Recombinant apoL-I induced lysis of sensitive parasites only, with
kinetics similar to that of NHS levels containing equivalent amounts of native apoL-I
(Fig. 3A). The pf and ma domains of apoL-I
were both required for trypanolysis, and
the former domain could not be replaced
by the colA pf domain in this assay (Fig.
3A). ApoL-I is normally associated with
HDLs (1), and this association could
allow rapid uptake of the toxin through
receptor-mediated endocytosis of HDLs
(7–10). Accordingly, the simple addition of
recombinant apol-I to depleted serum without reconstitution delayed the lysis (Fig.
3A). Converting the negatively charged
helix of the ma domain into a positive
helix (D249K/E253K/E256K) (fig. S2)
resulted in a total loss of trypanolytic activity equivalent to deletion of this domain
(Fig. 3A). This mutant was also inactive in
E. coli but recovered full activity when
provided with the bacterial signal peptide
(Fig. 1A). Thus, in trypanosomes, the ma
domain probably targets apoL-I to a membrane, presumably the lysosomal membrane,
because apoL-I localizes in this compartment (6).
Trypanosome lysis was analyzed in immobilized live cells. NHS or recombinant
apoL-I, but not fetal calf serum (FCS) or the
inactive D249K/E253K/E256K apoL-I mutant, caused swelling of the lysosome (Fig.
4A). The lysosome appeared empty and progressively occupied most of the cell body
(Fig. 4B). These observations are consistent with osmotic swelling due to inward
movement of an osmotically active species. Cl j influx might be responsible because the cytoplasmic EClj^ is unusually
high in trypanosomes (106 mM) (18) and
the apoL-I pf domain is selective for anions. Lysosomal swelling and trypanolysis
by NHS were both stopped when trypanosomes were transferred to a medium in which

Fig. 2. Ion currents generated by apoL-I in lipid membranes. (A to C) Current traces recorded with
planar lipid bilayer membranes containing the apoL-I pf domain. (A) Results at different voltages
(mV) in 300 mM KCl. (B) Time scale–expanded current traces showing small current fluctuations
between discrete levels, indicating channel gating. (C) Current-voltage curve in a symmetric 300
mM KCl (h) and in an asymmetric trans/cis 300/590 mM KCl ( ). (D) 36Cl flux into liposomes
reconstituted with apol-I. The Clj incorporation was compared after insertion of the full apoL-I
(filled symbols) or its version depleted of the pf domain (open symbols).

&

Fig. 3. Trypanosome lytic activity of apoL-I derivatives. (A) Effects on T. b. rhodesiense clones ETat
1.2S and ETat 1.2R (NHS-sensitive and NHS-resistant, respectively) of either NHS or serum
reconstituted with the following recombinant proteins (3 mg/ml, unless stated otherwise): apoL-I,
E28-L398; del-pf, deletion of the pf domain; del-ma, deletion of the membrane-addressing domain;
del-pf-colA, replacement of the pf domain by that of colA; D249K/E253K/E256K, mutant of the ma
domain. Assays were also conducted without proper serum reconstitution. 100%, 5  105
trypanosomes/ml. (B) Evidence for the involvement of Clj in trypanolysis by NHS. After
incubation for 1 hour at 37-C in either 30% NHS or 30% FCS, the trypanosomes were centrifuged
and then incubated at 37-C in 10 mM glucose, 1 mM hypoxanthine, catalase (50 mg/ml), 25 mM
Hepes (pH 7.4) containing 10% FCS, and either 100 mM NaCl (h), 100 mM Na gluconate (h), or
100 mM choline Cl (g). (C) Effect of the Clj channel blocker DIDS on ETat 1.2S or ETat 1.2R
trypanosomes incubated with 30% NHS. (D) Effect of recombinant apoL-I derivatives (3 mg/ml)
and NHS or FCS (30%) on the amount of intracellular 36Cl. About 50% of the cells were still alive,
but swollen, after 180 min in either NHS or apoL-I. 100%, È200 cpm.

Clj was replaced with gluconate (Fig. 3B).
Lysis still occurred when the trypanosomes were transferred to a medium with
Clj or to a medium with Naþ replaced by
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choline, although after preincubation with
FCS, none of these conditions affected the
trypanosomes (Fig. 3B). Furthermore, the
anion blocker DIDS, which inhibits Clj
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channels of T. brucei (19), led to a substantial
delay in lysis by NHS (Fig. 3C). At the same
concentrations of DIDS, NHS-resistant
parasites grew normally, indicating that the
effect of DIDS on trypanolysis was specific
(Fig. 3C). Finally, incubation of trypanosomes with NHS or recombinant apoL-I,
but not FCS or the inactive D249K/E253K/
E256K mutant, led to a DIDS-sensitive influx and accumulation of extracellular Clj
in the cells (Fig. 3D). Thus, apoL-I triggered both the influx of Clj and the swelling of the lysosome. Because preventing
the Clj flux by either removal of ions or
blocking the ion channels inhibited the
swelling, apoL-I must induce the ionic flux
first.
The apoL-I–mediated effect was likely
to involve the lysosomal membrane, because in trypanosomes apoL-I tightly colocalizes with the lysosomal membrane marker
p67 (6). Indeed, in NHS-sensitive trypanosomes, apoL-I was concentrated at the periphery of the swollen lysosome (Fig. 4C).
Moreover, the NHS-induced influx of Clj
was linked to the specific loss of lysosomal
fluorescence by the membrane-potential

probe RH414 (20) (Fig. 4D). Imaging analysis indicated a rapid 200-fold decrease in
lysosomal-associated fluorescence but no
major change in mitochondrial-associated fluorescence (Fig. 4D). Despite its clear inhibitory effect on lysosome swelling by NHS, DIDS
did not affect the NHS-induced change in
lysosomal RH414 fluorescence (Fig. 4D).
Moreover, DIDS did not affect the pf activity of apoL-I, but it clearly inhibited the
NHS/apoL-I–mediated influx of extracellular 36Clj (Fig. 3D). Thus, the inhibition
by DIDS of trypanosome swelling and lysis
by NHS was probably due to blocking of
Clj entry into the cell. The most likely explanation is that the apoL-I–mediated influx
of Clj from the cytoplasm to the lysosome
causes a change in cytoplasmic EClj^ that
in turn causes a compensatory movement
of extracellular Clj across the plasma membrane through DIDS-sensitive channels
(19) (fig. S4). The internal pressure resulting
from the continuous enlargement of the
lysosome presumably compromises the physical integrity of the plasma membrane, explaining the fraying of the surface coat and
leakage of ions that precede lysis (21).

Fig. 4. Cellular effects of apoL-I. (A) Localization of the lysosomal membrane protein p67, detected
by Alexa 488 (green)– or Alexa 594 (red)–coupled antibodies in trypanosomes incubated for 30
min at 33-C with 20% NHS (two upper rows) or with recombinant wild-type apoL-I (2 mg/ml)
(third row) or D249K/E253K/E256K mutant apoL-I (bottom row). Top row: serial sections by
confocal microscopy; other panels: epifluorescence microscopy [large and small blue dots, DAPI
(4¶,6¶-diamidino-2-phenylindole)–stained nucleus and kinetoplast, respectively]. (B) Cellular
changes induced in immobilized live trypanosomes at 33-C, by 10% NHS or serum reconstituted
with recombinant apoL-I (1 mg/ml). Higher NHS concentrations and/or higher temperatures
resulted in acceleration of the kinetics of lysis. (C) Localization of Alexa 488-apoL-I after
incubation of ETat 1.2S parasites for 2 hours at 37-C (fp, flagellar pocket). (D) Effect of 30% NHS,
30% FCS, or 30% NHS þ DIDS (1 mg/ml) on in vivo lysosomal fluorescence at 33-C by the
membrane-potential probe RH414. Similar results were obtained with the RH414-like endolysosomal probe FM 4-64 (not shown). The arrows point to the lysosomal region, identified by the
empty vacuole appearing between 30 and 40 min after addition of NHS. Arrowheads point to the
corresponding region in trypanosomes where the lysosome does not swell. The mitotracker
stains the mitochondrion. The panels at the right show the surfaces where the intensity of
fluorescence was measured (1 to 4), using the respective control area. In all panels, the bar
represents 2 mm.
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These data contradict the model of lysis
through disruption of the lysosomal membrane (8, 11).
The Bcl-2 family is the only known example of eukaryotic proteins bearing a
colicin-like pf domain (22), but the role of
this domain is unclear (23). The pf domain
is conserved within the human apoL family, most members of which encode intracellular proteins (2, 3). Thus, the original
function of apoLs might be the formation
of pores in intracellular membranes. In humans, the appearance of an apoL version
with a signal peptide created a new component of innate immunity endowed with antimicrobial activity.
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