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Abstract

pathway is widely conserved among eukaryotes.

Background: Programmed nuclear death (PND), which is also referred to as nuclear apoptosis, is a remarkable
process that occurs in ciliates during sexual reproduction (conjugation). In Tetrahymena thermophila, when the new
macronucleus differentiates, the parental macronucleus is selectively eliminated from the cytoplasm of the
progeny, concomitant with apoptotic nuclear events. However, the molecular mechanisms underlying these events
are not well understood. The parental macronucleus is engulfed by a large autophagosome, which contains
numerous mitochondria that have lost their membrane potential. In animals, mitochondrial depolarization precedes
apoptotic cell death, which involves DNA fragmentation and subsequent nuclear degradation.

Results: We focused on the role of mitochondrial apoptosis-inducing factor (AIF) during PND in Tetrahymena. The
disruption of AIF delays the normal progression of PND, specifically, nuclear condensation and kilobase-size DNA
fragmentation. AIF is localized in Tetrahymena mitochondria and is released into the macronucleus prior to nuclear
condensation. In addition, AIF associates and co-operates with the mitochondrial DNase to facilitate the
degradation of kilobase-size DNA, which is followed by oligonucleosome-size DNA laddering.

Conclusions: Our results suggest that Tetrahymena AIF plays an important role in the degradation of DNA at an
early stage of PND, which supports the notion that the mitochondrion-initiated apoptotic DNA degradation

Background

Among protists, ciliates have evolved complicated struc-
tures for the spatial segregation of the germline and
soma, irrespective of their unicellular organization. One
remarkable feature of ciliates is their nuclear dualism.
Ciliates bear two functionally and morphologically dis-
tinct nuclei within the same cytoplasm: a reproductive
somatic macronucleus and a germinal micronucleus.
The polyploid macronucleus is large and supports
almost all vegetative functions through active transcrip-
tion, whereas the diploid micronucleus is transcription-
ally silent [1]. These nuclei both originate from a
fertilized micronucleus (synkaryon) via two successive
postzygotic divisions (PZDs) during a unique form of
sexual reproduction known as conjugation. Programmed
nuclear death (PND), also known as nuclear apoptosis,

* Correspondence: b1sk103@stu.kanazawa-u.acjp
Division of Life Science, Graduate School of Natural Science and Technology,
Kanazawa University, Shizenken, Kakuma-machi, Kanazawa, Ishikawa, Japan

( BioMed Central

is a unique process in ciliates whereby only the parental
macronucleus is eliminated from the cytoplasm of the
progeny during conjugation, while the parental cyto-
plasm is taken over by the progeny, even after sexual
reproduction. In Tetrahymena thermophila, once the
new macronucleus differentiates from the synkaryon,
the parental macronucleus begins to degenerate. This
degeneration has three distinct stages, beginning with
the degeneration of the macronuclear DNA into large (>
30-kb) fragments. This fragmentation occurs prior to
nuclear condensation and involves Ca2+—independent,
Zn2*-insensitive nuclease activity [2]. In the second
stage, marked changes occur in the degenerating macro-
nucleus, including size reduction and chromatin con-
densation. During this second stage, the macronuclear
DNA is degraded into smaller fragments, which com-
prise an oligonucleosome-scale ladder that consists of
~180-bp units [3,4]. Meanwhile, many small autophago-
somes approach and engulf the nucleus, resulting in the
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formation of a large autophagosome with a double
membrane [5]. At this stage, lysosomes are closely asso-
ciated with the autophagosome without fusion, indicat-
ing that the pH of the parental macronucleus is still
neutral. In the third stage, the macronuclear DNA is
degraded completely. Lysosomes fuse with the autopha-
gosomal membrane, releasing their contents into and
acidifying the macronucleus, which is then resorbed
through autophagy in the acidic environment [6].

Kobayashi and Endoh [7] indicated that autophago-
somes contain many mitochondria that have lost their
membrane potential. In general, the loss of mitochondrial
membrane potential leads to the release of cytochrome ¢
and apoptosis-inducing factor (AIF) into the cytosol [8].
Thus, it is reasonable to assume that the mitochondrial
pathway plays a key role in Tetrahymena PND. Indeed,
mitochondria play key roles in a number of apoptotic
and programmed cell death (PCD) processes in animals,
such as morphogenesis, tissue homeostasis, and immu-
nity [9]. In animals, apoptosis involves both caspase-
dependent and caspase-independent pathways. Cyto-
chrome c participates in the activation of caspases, which
are major effectors of apoptosis, whereas AIF is involved
in the caspase-independent pathway [10,11]. Caspase
activation affects a number of substrates with important
biological functions, leading to the loss of their functional
roles [12]. However, it is unclear whether PCD in plants
and protozoa involves the activation of caspase-like
enzymes. Considering that caspase homologs are not pre-
sent in fungi, plants, and protists, with the exception of
animals [13], the origins of these activities remain
unknown. Furthermore, isolated mitochondria from T.
thermophila show strong DNase activity, similar to that
of human endonuclease G (EndoG), which mediates the
caspase-independent apoptotic pathway (also referred to
as mitochondrial pathway) [7]. Based on these informa-
tion, PND looks to occur by the caspase-independent
pathway. However, an EndoG homolog has not been
identified in the Tetrahymena genome database.

AIF is a nuclear-encoded mitochondrial flavoprotein
that possesses NADH oxidase activity in its C-terminal
region. The primary sequence of AIF is highly homolo-
gous to those of oxidoreductases from animals, fungi,
plants, eubacteria, and archaebacteria [13,14]. AIF is a
novel, mammalian, caspase-independent death effector
that, upon the induction of apoptosis, translocates from
the mitochondrial intermembrane space to the nucleus
[15]. Once in the nucleus, AIF causes chromatin con-
densation and large-scale (~50 kb) DNA fragmentation
[8]. AIF-mediated PCD has been observed in round-
worms (Caenorhabditis elegans) [16] and in a cellular
slime mold (Dictyostelium discoideum) [17], which sug-
gests that the AIF pathway is a phylogenetically primi-
tive form of apoptosis.
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In the present study, we investigated whether the pro-
apoptotic function of AIF is conserved in Tetrahymena
PND. To address this issue, we cloned the Tetrahymena
AIF homolog and performed gene disruption to analyze
its biological functions. We discuss the unique evolution
of apoptotic mechanisms.

Results

PND in T. thermophila

The nuclear events that are typical for conjugation in T.
thermophila and that are specifically involved in nuclear
apoptosis are illustrated schematically in Figure 1.
Although previous studies have reported the details of
these events [2,3], we show the timing of these events
with regard to our experimental conditions.

Identification of the Tetrahymena homolog of AIF

Using the Tetrahymena genome database http://www.
ciliate.org/, we identified two AIF homologs
(TTHERM_00622710 and TTHERM_01104910) that are
similar to human AIF. As described below, one of these
homologs, TTHERM_01104910, had no apparent effect
on mitochondrial nuclease activity (Additional File 1).
Therefore, in the present study, we focused on the role
of the TTHERM_00622710 homolog.

This gene for Tetrahymena AIF lacks introns and
encodes a 70-kDa protein. A primary sequence compari-
son revealed that residues in the FAD/NAD binding
domain and the oxidoreductase domain of Tetrahymena
AIF are highly conserved in human AIF (GenBank
accession no. AAD16436.1), cellular slime mold AIF
(GenBank; EAL63305.1), and the C. elegans AIF homo-
log Wah-1 (NCBI; NP_499564.2) (Figure 2A). Tetrahy-
mena AIF is ~24% identical and 45% similar to human
AIF. The putative DNA-binding sites in human AIF,
which are required for its interaction with DNA and the
induction of cell death [18], were identified in each phy-
lum. MitoProt II, which is a prediction server for mito-
chondrial targeting sequences and cleavage sites,
revealed a candidate mitochondrial localization sequence
(MLS) in the N-terminus of Tetrahymena AIF (residues
1-13). However, the N-terminal portions of the remain-
ing three proteins showed no sequence similarity.

To determine whether endogenous Tetrahymena AIF
is constitutively expressed during conjugation, mRNA
samples extracted from starved cells (just before mixing
the mating types) and conjugating cells were subjected
to RT-PCR analysis. Using AIF-specific primers, a single
340-bp band was detected in the starved cells (Figure
2B, lane 1). The mRNA of conjugating cells was
extracted every 4 h (4 - 20 h) after the initiation of con-
jugation. AIF was expressed continuously during conju-
gation, although expression decreased at 4 h (Figure 2B,
lane 2), which corresponded to the meiotic prophase. In
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Figure 1 Nuclear events during conjugation of Tetrahymena thermophila. Conjugation in T. thermophila is a complicated process that is
initiated by interaction between complementary mating types, which form a conjugating pair. A. Vegetative phase. B. Meiotic prophase. C.
Meiosis. D. Nuclear exchange. One of four meiotic products mitotically divides, forming two pronucei. Subsequently, one of the pronuclei is
reciprocally exchanged between mating partners. E. Fertilization (synkaryon formation). F. PZD (postzygotic division). Fertilized nucleus
successively divides twice. G. Mac I. Anteriorly-located nuclei differentiate into the new macronuclei, while posterior nuclei remain the
micronuclei. H. Mac llp. The parental macronucleus migrates posteriorly and begins to degenerate. . Mac lle. Pair separates (exconjugants). J. Mac
Ill. One of two micronuclei is eliminated. Progeny of T. thermophila do not undergo conjugation during the first ~100 vegetative fissions after
conjugation called “immature.” A: macronuclear anlagen. m: micronuclei. pMa: parental macronucleus. The scale bar in photograph indicates 10

pm.

the control experiment, histone h3 (HHT3) was also
found to be expressed during conjugation as shown in
previous study [19].

AIF translocates from the mitochondria to the parental
macronucleus

To examine the subcellular localization of Tetrahymena
AIF, we constructed a plasmid that expresses a fusion
protein composed of AIF and GFP (AIF:GFP) under the

control of the AIF promoter (Figure 3A). The transfor-
mants stably expressed AIF::GFP in the presence of 50
pg/ml paromomycin, whereas paromomycin at concen-
trations >50 pg/ml had detrimental effects on cell
growth. However, the signal was too weak to allow cyto-
logical analysis. To solve this problem, we performed
indirect immunofluorescence using GFP-specific poly-
clonal antibodies, to determine the localization of the
fusion protein. AIF::GFP signals were observed at the



Akematsu and Endoh BMC Cell Biology 2010, 11:13 Page 4 of 15
http://www.biomedcentral.com/1471-2121/11/13

e N
H.sapiens ~  —— MFRCGGLAAGALKQKLVPLVRTVCVRSPRQRNRLPGNLFQRWHVPLELQMTROMASSGASGGK I DNSVLVL I VGLSTVGAGAYAYKTMKEDEKRY 95
A D.discoideum  ———— MIRN-—————— LTKLTKFT | GNRFY- QSSSKGRFSGKNGNNAFKS 1 VGVS-VGVSALFAGCVFLDQEKE 60
C. elegans MLLRAVGRQMTSV IFRQQTAVRS | AMSRVALGGGGHHHEPTPVY | PKPGSLDWTFF SRSHTKSAHEFEPYKPE | GAF | GAVAF I GLTL IAVVIKTDVFKK 100
T. thermophila ———-MFARGITKATQLTLRNTKQFSTMAGFSGLKSYSQFF TKSNMNLK | GLLGL | GVGIAGYSTSQSYHSDEYYEKV | PANLQEGQK | DVQVGPKEEDSV 96
Lok : . . o :
T S——
MLS
H. sapiens NERISG 101
D.discoideum  PESTPS 66
C. elegans EDSHGHGHGHAKHSKKHEEKHEQKHEEKEHAEPEKKEEAKPEKPAEPKEPEPAQKQAEQPEQAEEKQE TKDAEPKEQVDDRQTEEAVHARRAPAAAEEPA 200
T. thermophila LVAKVDGKYYCVSNKCPHFGFSLSKG VMFYDKVVCPLHNAAF SVKDGAAEGGPVYN 152
H. sapiens LGLTPEQKQKKAALSASEGEEVPQDKAPSHVPFLL | GGGTAAFAAARS | RARDPGARVL | VSEDPELPYMRPPLSKELWFSDDPNVTKTLR 192
D.discoideum | DVK-EKKSQPPKTKEDYQKKMDEEYD | EQFKYV | GGGTAAYHA I DK 1LENDKEAT ILL | SKEYEVPYQRPPLTKSLWATKDDNVVNTLN 156
C. elegans PSTSKADAVEEKRSEQQSMKPSESTEENTTTTSADGLLHGEYV I | GSGTAAYYASLS IRAKQAEAKVLM I GEEPELPYNRPPLSKELWWYGDETSATKLA 300
T. thermophi la GLENFEIVEKDGNLHIKVPKAKLNVPKPFDMVKRDPNDKRKFVIVGGGPAGISAAETLROSGYTGOITILSKEKFIPYDRTILSKALFFADIN fffffff 245
: XS TIUUD kR ok kI K
V
H. sapiens FKQWNGKERS | YFQPPSFYVSAQDLPH | ENGGVAVLTGKKVVQLDVRDNMVKLNDGSQ | TYEKCL I ATGGTPRSLSA I DRAGAEVKSRTTLFRKIGDFRS 292
D.discoideum  FSDWSGKKQNLLYEQESAYG———————~ NE ILQF IRTKKV I DLH IDEKLVLLNDGKL IRYDKCL | ATGGEPRQLKFTSTN-—-DKKISTYRTVEDFRK 243
C.elegans YTPLSGKKRD | FYEVDGFFVSPEDLPKAVHGGVALLRGRKAVK | CEEDKKV ILEDGTT | GYDKLL | ATGVRPKKEQVFEEASEEAKQK I TYFHYPADFKR 400
T. thermophila ———————— KLQYRSKEFLES—————--—-YGIEVVNEVEVTE IDTERHFVQTKNQGDH | HADKLLLATGGSPNR | PVEGVN-———SKNVFTLREFSDLES 323
Ll S Dok DDk Tk kikek |k L Dokl
Oxidoreductase

H. sapiens LEK-1SR-EVKSI T I|GGGFLGSELACALGRKARALGTEV | QLFPEKGNMGK | LPEYLSNWTMEKVRREGVKVMPNA | VQSVGVSS--GKLL IKLKDGRK 388
D.discoideum  LYE-VVKDGGKHVTVLIGGGFLGSELTCAINSNFQDKN I|K1DQIFPESGVLSTLFPDYLSKYATEE | IKSGVNVHTGTL IKDVVDNSENGRLTVTLNNGKT 342
C.elegans VERGLADKSVQKVT I I|GNGLLASELSYS IKRKYG-ENVEVHQVFEEKYPAED | LPEH | AQKS | EAIRKGGVDVRAEQKVEGVRKCCK--NVVLKLSDGSE 497
T. thermophila LKN--NFQSSKKVVV I|GASF | GLETAASVK-DFLKDK DITVVDQSKVPYORVLGSEVGAAIKKLHADNGIKFNLGVGIKSIESONG VAKRVVLSDGTS 419

. T S S S A .. Lo : *1. . . I

FAD/NAD

H. sapiens VETDH | VAAVGLEPNVELAKTGGLE | DSDF GGFRVNAELQAR-SN I WWAGDAALF YD | KLG-RRRVEHHDHAVVSGRLAGENMT G—————————- AAKPY 476
D.discoideum  FETDHVVVAAGI IPNTNVVKSTTLE IDPINGGYVVNPELQAR-TOLYVAGDVASYYDFSLGVRRRVEHHDHARATGEMAGSNMS TK———————- DTPAPY 433
C. elegans LRTDLVVVATGEEPNSE ||| EASGLK | DEKLGGVRADKCLKVG-ENVWAAGA | ATFEDGVLG-ARRVSSWENAQ | SGRLAGENMATAAADG———KSEGKAF 592
T. thermophila  LEADMVLIGAGVSPNTRFNG-EKLEKD- NYGALKTDVFLOTSHPDVFAAGDIANYPYHYTGORARFEHINSSIYQGSIAALNMVGOKTPCGEIPFFWTRF 517

T B L *1 % %L  kD ook * %k 1k Tk okk

FAD/NAD ¥ FAD/NAD
H. sapiens WHQSMFWSDLGPDVGYEA | GLVDSSLPTVGVFAKATAQGDNPKSATEQSGTGIRSESETESEASE I TIPPSTPAVPQAPVQGEDYGKGV I FYLRDK—-VVV 574
D.discoideum  TYQPFFWSDLTPGVGFEAVGNTSSKLKTFSVWEKPSSDE-——--TKQS YTKGN I YYLNDNN-NVV 492
C. elegans WYQPSFFTKFAPHLHINA | GKCDSSLETVSVHAEPDKDTP- LEKAVVFYKSKEDGS IV 649
T. thermophila WNKSLHYTGYAPNYDEVH|QGSLDKLEFVAWY | KNDRVVAVSAMNKGP: VAMVVNEAMKQNVMPS 581
Lok : LK : : o

H. sapiens GIVLWNIF-NRMP | ARK | IKDGEQHEDLNEVAKLFN IHED-————-———~ 613
D.discoideum  GVLCYGNYG-KMDTARDL |LKRRT|EDLNQLQHAIDFDEHH 532
C.elegans GVLLLNVFGPSLDVARR| I DDRKKVDEYKE | AKLFPLYDPVKSDEDDAKSA 700
T

thermophila  GTEIKNNIVKYEDIQKRIADRGRNCKCSRGANCCSARKLQQNQASQSAKI- 631
* L Lo

B Time(h) 0 4 8 12 16 20

Arr BT
AT BT
rRNA | AL

1 2 3 4 5 6

Figure 2 Sequence alignment of AIF proteins and analysis of AIF expression. A. CLUSTAL-W was used to generate AIF sequence alignment,
including Homo sapiens, Dictyostelium discoideum, Caenorhabditis elegans and Tetrahymena thermophila. Boxes indicate the NAD/FAD binding
domain and oxidoreductase domain. MLS in N-terminal portion of T.thermohila indicates mitochondrial localization sequence. Asterisks indicate
identical amino acids. Colons and semicolons indicate amino acid similarity. Arrowheads indicate a potential DNA binding site of human AIF. B.
RT-PCR analysis of AIF transcript during conjugation. Histone h3 (HHT3) was used as a control. SSU rRNA was used as a loading control.
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surface and in the cytoplasm of each cell (Figure 3B),
similar to the pattern observed with MTG, a mitochon-
drion-specific fluorescent dye. Therefore, AIF is loca-
lized within mitochondria.

To examine the translocation of AIF during conjuga-
tion, the localization of the fusion protein (AIF::GFP)
was observed throughout this process. As shown in Fig-
ure 3Ca, before conjugation, AIF::GFP was distributed
over the cell surface along the ciliary rows. During
nuclear exchange, the pattern of AIF expression chan-
ged, and intense signals were detected in the posterior
region of each cell (Figure 3Cb). Meanwhile, the signals
nearly overlapped (and probably surrounded) the paren-
tal macronucleus during the stages that correspond to
PZD to Mac Ile (Figure 3Cc-e, see also Figure 1). Living
cells expressed AIF:GFP during the MAC Ilp stage (Fig-
ure 3D). Although the AIF:GFP signal in living cells
was weak, as mentioned above, the signal was concen-
trated and visualized at the posterior region of the cell,
where it overlapped with the parental macronucleus
(indicated by red arrows in the Figure). These results
suggest that AIF is released from mitochondria and
translocates to the parental macronucleus before nuclear
condensation.

AIF plays roles in the growth and PND of T. thermophila

To understand the functions of AIF in T. thermophila
PND, we knocked out AIF by homologous recombina-
tion (Figure 4A and 4B). After selection with increasing
concentrations of paromomycin, AAIF strains that did
not express AIF were obtained (Figure 4C inset). Similar
to the situation in C. elegans [16], AAIF exhibited a
somewhat reduced growth rate compared to the wild-
type strain (Figure 4C). As shown in Figure 5A, the
nuclear events occurring during Tetrahymena conjuga-
tion could be classified into six stages (A- F). When
AAIF strains of different mating types were mixed, they
initiated normal nuclear events (stages A to D; 6-14 h)
with the same frequency as the wild-type strain (Figure
5B). The parental macronuclei in the AAIF strains were
reduced in size by 66-85%, whereas those in the wild-
type strain were reduced in size by 46-61% at 10-14 h
(Figure 5C). These results suggest that AIF is involved
in the condensation of the parental macronucleus. At
14-16 h, the AAIF strain showed a slight delay in tran-
siting from stage C to D (p < 0.01, ¢-test), thereby
further implicating the AIF protein in nuclear condensa-
tion (Figure 5B). Although the reduction in size of the
AAIF strain occurred after a delay of 4 h, the peak of
stage E (Mac Ile) was shifted from 20 h (in the wild-
type strain) to 22 h (in the AAIF strain) (Figure 5B). In
addition, the strains exhibited a delay in stage F (Mac
III), which corresponds to the final resorption of the
parental macronucleus at 20-22 h. Agarose gel
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electrophoresis revealed that kilobase-size DNA frag-
mentation occurred in the wild-type strain at 8-10 h
(Figure 5B). At this time-point, most of the cells were in
stages A to C, suggesting that large-scale DNA fragmen-
tation occurs before nuclear differentiation. However,
DNA fragmentation in AAIF began with a 4-h delay. By
12-14 h, most of the AAIF cells had undergone nuclear
differentiation; however, the reduction in size of the par-
ental macronucleus was also delayed (Figure 5C). Oligo-
nucleosome-size DNA fragmentation was observed in
both the wild-type and AAIF strains 16 h after mating,
which suggests that large-scale DNA fragmentation is
dependent upon AIF in the early stage of PND (Figure
5B). These results indicate that knocking out AIF hin-
ders the first wave of nuclear degradation, including the
condensation of the parental macronucleus and kilo-
base-size DNA fragmentation.

AIF cooperates with mitochondrial nuclease to promote
DNA degradation

Previously, we demonstrated the presence of strong
DNase activity in mitochondria isolated from Tetrahy-
mena [7]. To investigate whether the putative mitochon-
drial DNase of Tetrahymena interacts with AIF,
mitochondria were purified from vegetatively growing
wild-type and AAIF cells (Figure 6A), and incubated
with a circular plasmid as substrate DNA. Mitochondria
from the wild-type strain showed strong DNase activ-
ities, in that they converted the supercoiled DNA into
an open circular form that could be further cleaved into
smaller fragments, yielding a smear of degradation pro-
ducts on the gel (Figure 6B, lane 2). In contrast, no
smear was observed when mitochondrial extracts from
the KO strain were used; instead, only nicking of the
plasmid DNA was observed (Figure 6B, lane 3). In addi-
tion, a time-course analysis showed that the level of
DNase activity was drastically reduced in the KO strain,
as compared with the wild-type strain (Figure 6C).
These results are similar to those obtained for C. ele-
gans, in which an interaction between Wah-1 and Cps-6
was detected [16]. When linear DNA was employed as
the substrate, the KO strain showed low DNase activity,
whereas wild-type strain digested completely the sub-
strate DNA (Figure 6D). These results indicate that AIF
interacts with the mitochondrial DNase to affect not
only nicking activity, but also endonuclease activity.

The second Tetrahymena homolog of AIF,
TTHERM_01104910, contains an FAD/NAD binding
domain and an oxidoreductase domain that shares 27%
identity with TTHERM_006222710. The continuous
expression of TTHERM_01104910 was confirmed both
in the vegetative phase and during conjugation. This
expression pattern was in accordance with that reported
in the Tetrahymena Gene Expression Database (TGED;
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Figure 6 Mitochondrial nuclease activity. A. Fractionation PCR. A
partial fragment of the mitochondrial large subunit ribosomal RNA
(rRNA) or B-tubulin (BTU) was amplified by PCR, using fraction
samples from wild-type and AAIF that contained equal amounts of
DNA. N and Mt indicate nuclei/unbroken cell fraction and
mitochondrial fraction, respectively. No contamination of nuclear
DNA was detected in mitochondrial fraction. B. Purified
mitochondria (2 pg protein) from wild-type (lane 2) and AAIF (lane
3) were incubated with 2 pg substrate plasmid DNA with a circular
form for 30 min at 37°C in 30 pl reaction buffer containing 20 mM
KCl'and 50 mM MOPS (pH 6.5). Lane 4 (M) and 5 (M) indicate 100-
bp ladder size marker and AHindlll-digest, respectively. The substrate
DNA appears in the nicked open circular (OC), linear (L), and
supercoiled (SC) forms. C. The nuclease assay was performed under
various incubation times. Lane 2-4, substrate DNA was coincubated
with wild-type mitochondria. Lane 5-7, substrate DNA was
coincubated with AAIF mitochondria. Undigested sample is seen in
lane 1. D. Substrate specificity of the activities. End forms of linear
plasmids with 5- or 3-overhang or with blunt ends are indicated at
the left of gel.
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http://tged.ihb.ac.cn/). Knocking out the gene did not
influence the mitochondrial DNase activity during PND
(Additional File 1, 2). Therefore, the second AIF homo-
log does not appear to be involved in PND.

Discussion

In unicellular ciliates, the parental cell-derived cyto-
plasm is taken over by the progeny nucleus after sexual
reproduction. Therefore, the development of PND (i.e.,
the selective elimination of the parental macronucleus)
may have been inevitable when the first ciliate estab-
lished the spatial differentiation of the germinal and
somatic nuclei. PND occurs in a limited area of the
cytoplasm and is uncoupled from the plasma membrane
events associated with PCD (programmed cell death),
for example, Fas ligand- Fas receptor binding; however,
PND involves mitochondrial apoptotic effectors, such as
EndoG-like DNase activity [7]. Thus, ciliates have devel-
oped a novel mechanism for executing PND in which
part of the intrinsic machinery (i.e., AIF) used for PCD
appears to have been adapted for a specialized form of
apoptosis.

The primitive mechanism of apoptosis may have been
established as a product of the interaction between an
ancestral host cell and its endosymbiotic primitive mito-
chondria [13]. One of the major pathways of apoptosis,
the caspase-dependent pathway, appears to have been
independently established in animals later during eukar-
yotic evolution, given that fungi, plants, and protists
commonly lack caspase homologs. Caspase-independent
pathways function in mammalian and C. elegans apopto-
sis, as evidenced by the finding that apoptosis can occur
in the presence of caspase inhibitors [16,20]. AIF, which
is assumed to be evolutionarily ancient because it has
been identified in various organisms, ranging from pro-
tists to animals, is localized within the intermembrane
mitochondrial space [13,21]. Disturbances in AIF can
delay several major apoptotic events in the nucleus,
including nuclear condensation, chromatin digestion,
and DNA loss [10,16,17]. These AIF-mediated events
resemble those that occur in the early stages of Tetrahy-
mena PND.

Involvement of AIF in PND

In the present study, we provide the first evidence that
AIF is involved in Tetrahymena PND. AIF translocates
from the mitochondria to the parental macronucleus
before nuclear differentiation (Figure 3B-D), and inter-
acts with the mitochondrial DNase, thereby triggering
the initial DNA degradation by the DNase, the optimal
pH of which is about neutral, indicating a role for AIF
in the early stage of PND. Taking these observations
into consideration, AIF appears to function as a suicide
factor in the parental macronucleus. However, the
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knocking out of the AIF gene in the parental macronu-
cleus only slowed by up to 4 h the early stages of PND,
including nuclear condensation and kilobase-size DNA
fragmentation (Figure 5B and 5C), and did not comple-
tely inhibit the progression of PND. Indeed, by the end
of conjugation, the AIF-deficient cells were delayed only
approximately 1 h, as compared with the wild-type con-
trols (Figure 5B). Is there a mechanism that compen-
sates for the deficiency of AIF, thereby allowing the
appropriate execution of the death program? After
translocation of AIF into the parental macronucleus,
new macronuclei differentiate somewhat later and initi-
ate gene expression immediately. Gene expression from
the zygotic macronucleus is indispensable for the com-
pletion of the final resorption by autophagy [3]. This
delay can be interpreted in different ways. One possibi-
lity is that when the AIF mRNA is transcribed in the
developing macronuclear anlage and the zygotic AIF
protein becomes available, the DNA in the parental
macronucleus begins to degrade behind schedule, result-
ing in the recovery of PND progression. It seems most
likely that the time lag in gene expression from the
zygotic macronucleus is a major cause of the delay in
the early stage of PND. Another possibility is that other
DNases exist in the Tetrahymena mitochondria (E.
Osada, personal communication), as identified using
SDS-DNA PAGE [22]. Although these DNases are unli-
kely to either interact with AIF or to be major effectors
of PND, they may contribute to the retarded DNA
degradation, resulting in the delayed progression of
PND.

At the stage of nuclear differentiation, two types of
macronucleus, the parental macronucleus and the new
zygotic macronucleus, co-exist for a period of time in
the same cytoplasm. Through collaboration with the
mitochondrial DNase, AIF may prevent simultaneous
gene expression from the two different macronuclei
with different genotypes through initial digestion of the
parental macronuclear DNA.

Interaction between AIF and the mitochondrial DNase

In mammals, DNA binding by AIF is required for
nuclear condensation and initial DNA cleavage [18]. In
contrast, neither FAD/NAD binding ability nor oxidore-
ductase activity is required for apoptogenesis [11,15]. It
remains unclear as to how AIF induces DNA fragmenta-
tion during apoptosis. One possibility is that AIF exerts
its function by interacting with downstream effectors.
AIF and EndoG are two of the many apoptogenic pro-
teins that are released from mitochondria during apop-
tosis in animals [23]. In C. elegans, Wah-1/AIF co-
operates with Cps-6/EndoG to promote DNA degrada-
tion in vitro. In addition, wah-1 (RNAi) strains and cps-
6 mutants display similar defects in cell death and DNA
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degradation, and both Wah-1 and Cps-6 are localized to
mitochondria [16]. These findings strongly suggest that
the mitochondrial PCD pathway is evolutionarily con-
served. Previously, an endonuclease activity was identi-
fied in the mitochondria of T. thermophila [7]. This
activity required divalent cations and was strongly inhib-
ited by Zn**, which is a strong inhibitor of most
DNases. In addition, the optimal pH for this endonu-
clease activity was pH 6.5, while activity was inhibited at
pH 5.0, suggesting that the DNase and lysosomal
enzymes function in different steps of PND. These char-
acteristics are reminiscent of mammalian mitochondrial
EndoG, which mediates the caspase-independent path-
way of apoptosis [24]. Indeed, the mammalian EndoG
also requires divalent cations, such as Mg2+ and Mn?*,
exhibits biphasic pH optima of 7.0 and 9.0, and is
potently inhibited by Zn** [24]. Our plasmid cleavage
assay demonstrated that the mitochondria of the AAIF
strains had significantly reduced DNase activity (Figure
6B-D), indicating an interaction between Tetrahymena
AIF and the DNase. Notably, this result is similar to the
aforementioned situation in C. elegans [16]. The co-
operative action of these two proteins implies that the
mitochondrial DNase is an important executor that is
activated by AIF. Thus, AIF and mitochondrial DNase
appear to constitute a widely conserved DNA degrada-
tion pathway that acts in the early stage of apoptosis.
However, no sequence homologous to EndoG was
detected in the Tetrahymena database, raising the possi-
bility that ciliates have independently developed a mito-
chondrial DNase during the course of ciliate evolution.
Indeed, mitochondrial proteomic analysis of Tetrahy-
mena has shown that 45% of the proteins are specific to
Tetrahymena or ciliates [25]. The roles of AIF and mito-
chondrial DNase are illustrated schematically in Figure
7.

The biochemical and morphologic features of apopto-
sis have been highly conserved throughout evolution,
even in unicellular organisms, such as cellular slime
molds, kinetoplastids, dinoflagellates, ciliates, and het-
erokonts [17,26,27]. A recent study suggested that any
protein that has previously been implicated in apoptosis
must have a phylogenetically conserved apoptosis-unre-
lated vital function [28]. For example, AIF serves as a
redox-active enzyme in respiratory chain complex I.
AIF-deficient mouse embryonic stem cells fail to form a
viable embryo [10]. As in C. elegans, for which the wah-
1 (RNA) strains are viable but exhibit a reduced growth
rate [16], our AAIF strains exhibited a slower growth
rate, as compared to that of the wild-type strain (Figure
4C). Therefore, AIF may be bifunctional, serving as both
a vital protein and a death effector. Among ciliates,
apoptosis-like nuclear degradation has been observed
during resting cyst formation leading to change in
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macronuclear DNA content in Colpoda [29]. In this
case, the macronuclear chromatin is extruded into the
cytosol, and the degradation of the extrusion body is
accompanied by a reduction in the size of the nucleus,
oligonucleosome-size DNA cleavage, and nuclear acidifi-
cation by lysosomes. This observation indicates that cili-
ates may have repeatedly adapted their mitochondrial
pathway not only for sexual reproduction, but also for
cyst formation. Alternatively, it is possible that Tetrahy-
mena PND is superficially similar to, but entirely differ-
ent from animal apoptosis, although AIF participates in

this phenomenon. Although no endonuclease G homo-
log was identified in a survey of the macronuclear gen-
ome of Tetrahymena, EndoG is present in some other
protists, such as the kinetoplastid Trypanosoma [30],
Leishmania [31] and apicomplexan Cryptosporidium
[32]. In addition, phosphorylation of histone H2AX,
which is linked to DNA fragmentation during mamma-
lian apoptosis [33-35], has not been demonstrated in the
degenerating macronucleus of Tetrahymena [36]. These
observations argue for this interpretation, as claimed
previously [36]. In conclusion, there are now two
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incompatible interpretations of the origin of Tetrahy-
mena PND: 1) PND developed independently and
merely utilized AIF as a suicide factor; and 2) PND
shares a common origin with other forms of apoptosis.
Identification of the nuclease(s) localized in the mito-
chondria is needed to elucidate the origin of PND.

Conclusions

Mitochondrion of Tetrahymena contains AIF and yet-
unidentified DNase similar to mammalian and C. ele-
gans endonuclease G. When new macronuclei are differ-
entiated, AIF translocates from mitochondria to the
parental macronucleus in the posterior region of cell.
Knockout of AIF showed delayed progression of PND,
that is, delay of nuclear condensation and kb-sized DNA
fragmentation, corresponding to the initial stage of the
nuclear apoptosis. Furthermore, in vitro assay using
AIF-deficient mitochondria revealed that mitochondrial
DNase acitivity was drastically reduced, suggesting that
mitochondrial DNase activity depends upon the pre-
sence of AIF. From the results, we presently conclude
that mitochondrial AIF might have a major role for
executing the nuclear apoptosis of Tetrahymena in a
simple and primitive fashion, implying its ancient origin.

Methods

Culture methods and the induction of conjugation

T. thermophila strains CU428 and B2086 (wild-type),
were purchased from the National Tetrahymena Stock
Center (Cornell University). The cells were cultured at
room temperature in 2% proteose peptone (Difco), 1%
yeast extract (Difco), and 0.5% glucose. To induce mat-
ing, the cells were incubated in 0.25% proteose peptone,
0.25% yeast extract, and 4% glucose at room tempera-
ture. At mid-log phase, the cells were washed with 10
mM Tris-HCI (pH 7.2) and incubated overnight. To
induce conjugation, equal numbers of both strains were
mixed and kept at room temperature.

Cloning of the T. thermophila AIF gene and B-tubulin
promoter

The T. thermophila AIF homolog
(TTHERM_00622710), including the 1-kb 5’- and 3’-
untranslated regions (UTRs), was amplified from CU428
genomic DNA using the following primers: AIF-F (5'-
GGTGTTGGTTTGTAGTTC-3’) and AIF-R (5-CACC-
CAATSGTGAACTGA-3’). Polymerase chain reaction
(PCR) was carried out using the following program: 5
min at 94°C followed by 30 cycles of 94°C for 1 min, 46°
C for 1 min, and 72°C for 5 min. The resulting 3,966-bp
product was cloned into pT7 blue T-vector (Novagen)
as a backbone for construction of the knock-out (KO)
plasmid. The B-tubulin promoter was amplified from
CU428 genomic DNA using the following primers:
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BTU-F-Notl (5-gcggecgcTCCACAGAGACACTAAA-3)
and BTU-R-EcoRI (5’-gaattcTTTTAATTGCTTAAAG-
GAGTGA-3’). The PCR program included 5 min at 94°
C followed by 30 cycles of 94°C for 1 min, 55°C for 1
min, and 72°C for 1 min. The resulting 809-bp product
was cloned into pT7 blue T-vector.

Cloning of the neomycin resistance gene

The neomycin resistance gene and the MTT1 3’-UTR
(corresponding to the poly-A signal) were obtained from
pTTMN [37]. This region (Neo") was amplified using
the following primers: Neo-F-EcoRI (5’-gaattcAAACT-
TAAAATAATGGCAAG-3’) and Neo-R-Xhol (5'-
ctcgagCCGGGCTGCAGCAATTC-3’). The PCR pro-
gram included 5 min at 94°C followed by 30 cycles of
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min.
The resulting 1,338-bp product was cloned into pT7
blue T-vector.

Construction of the KO plasmid

Inverse PCR was performed using the AIF backbone
plasmid as template with the following primers: AIF-F-
Notl (5’-gcggeccgcGTGATTCCTCTTGCGAA-
CAGTTCTT-3’) and AIF-R-Xhol (5-ctcgagCTTCT-
CATCCCGATGT-3’). The start codon of AIF was
destroyed by changing TAC to GAC in the forward pri-
mer. The PCR program included 5 min at 94°C followed
by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°
C for 6 min. The resulting 5,517-bp product was self-
ligated and cloned. The plasmid was then digested with
Notl and Xhol and integrated into the B-tubulin promo-
ter (Notl/EcoRI-digested fragment) and Neo” (EcoRl/
Xhol-digested fragment) sites to express Neo” under
control of the fB-tubulin promoter (Neo"-cassette). The
resultant plasmid (pKoTtAIF) was linearized with
BamHI before biolistic bombardment.

Construction of a GFP-tagged AIF expression plasmid

To obtain the GFP sequence, pTub-tel3 GFP4 [38],
which contains codon-optimized GFP based on Parame-
cium caudatum codon usage and the Paramecium tubu-
lin poly-A signal, was used. This cassette (GFP-cassette)
was amplified using the following primers: GFP-F-
BamHI (5’-ggatccAGAAAGGGAGAAGAATTGT-3’)
and GFPpolyA-R (5-CTCGAGCGGCCGCCAGT-3).
The PCR program included 5 min at 94°C followed by
30 cycles of 94°C for 1 min, 48°C for 1 min, and 72°C
for 1 min. The resulting 1,010-bp product was cloned
into pT7 blue T-vector. The open reading frame (ORF)
of AIF and the 1-kb 5’-UTR carrying the AIF promoter
were amplified from CU428 genomic DNA using the
following primers: AIF-F-Xhol (5’-ctcgagCACC-
CAATSGTGAACTGA-3’) and AIF-R-BamHI (5’-ggatc-
cAATTTTAGCAGATTAAGAAGC-3). The PCR
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program included 5 min at 94°C followed by 30 cycles
of 94°C for 1 min, 46°C for 1 min, and 72°C for 3 min.
The resulting 3,017-bp product (AIF-cassette) was
cloned into pT7 blue T-vector. The backbone of the
expression plasmid used in our laboratory contains the
Tetrahymena telomere sequence and the Stylonychia
replication origin [39]. This plasmid was digested with
Notl and EcoRI for integration of the Neo'-cassette
(Notl/Xhol-digested fragment), AIF-cassette (Xhol/
BamHI fragment), and GFP-cassette (BamHI/EcoRI
fragment). The resultant plasmid (pAKgfpTtAIF) was
linearized with Sfil before biolistic bombardment.

Tetrahymena transformation

For Tetrahymena transformation, mid-log phase cells
were harvested by centrifugation and incubated over-
night in 10 mM Tris-HCI (pH 7.2). The cells were then
centrifuged and packed in 1 ml of 10 mM Tris-HCI at a
final concentration of 1 x 107 cells/ml. A 100- pl aliquot
was then spread on a sterile 2-cm circular piece of filter
paper. Transformation was achieved using a Biolistic
PDS-1000/He Particle Delivery System (Bio-Rad). Gold
particles 0.6 pm in size (10 mg/ml in sterile H,O) were
coated with 5 pg linearized DNA/50 pl particles. Cells
were bombarded with the DNA-coated gold particles at
650 psi. Following bombardment, the cells were re-sus-
pended in culture medium and incubated for 6 h. The
transformants were screened with 50 pug/ml paromomy-
cin. After three days, the paromomycin-resistant cells
were grown in culture medium containing increasing
concentrations of paromomycin (from 100 to 1,200 pg/
ml) to support the allelic assortment process.

Reverse transcription (RT)-PCR analysis

Total RNA was extracted from approximately 1 x 10°
cells using Sepasol-RNA1 Super (Nacalai Tesque). Five
micrograms of total RNA were used for RT with Rever-
Tra Ace (Toyobo). A 340-bp AIF-specific product was
produced using the primers AIF-RT-F (5'-
AAATCTCTCCACTACACT-3’) and AIF-RT-R (5’-
AATTTTAGCAGATTAAGAAGC-3’). The program
included 1 min at 94°C followed by 30 cycles of 94°C
for 1 min, 48°C for 1 min, and 72°C for 30 s.

Fragmented DNA isolation and agarose gel
electrophoresis

Fragmented DNA, such as kb-sized and oligonucleo-
some-sized DNA, was extracted from the cells at various
times during conjugation. In the following procedure,
high-molecular-weight DNA is not generally recovered.
Cells (1 x 10°) were collected by centrifugation (12,000
rpm for 1 min) and re-suspended in cold lysis buffer
containing 10 mM EDTA, 0.5% Triton-X 100, and 10
mM Tris-buffer (pH 7.2). After 10 min at 4°C, the

Page 13 of 15

lysates were centrifuged at 12,000 rpm for 10 min, and
the supernatants were incubated with 0.2 mg/ml RNase
for 30 min at 37°C. Proteinase K (0.2 mg/ml) was then
added to all samples, which were incubated for 1 h at
37°C. Next, 0.5 M NaCl and 50% 2-propanol were
added, and the samples were incubated overnight at -20°
C. Fragmented DNA was recovered by centrifugation at
12,000 rpm for 20 min, and the precipitate was dis-
solved in TAE buffer. Ten micrograms of each DNA
sample were then electrophoresed on a 1% agarose gel
in TAE and stained with ethidium bromide.

Indirect immunofluorescence

To image GFP-tagged AIF, cells were fixed in 50% cold
methanol and kept on ice for 30 min. After washing
with PBS, the cells were blocked in 1% bovine serum
albumin (BSA) and incubated for 2 h at room tempera-
ture with rabbit polyclonal anti-GFP antibodies (BioRea-
gents) diluted 1:200 in PBS, 1% BSA, and 0.1%
Tween20. The cells were washed to remove excess pri-
mary antibodies and then incubated with goat anti-rab-
bit rhodamine-conjugated antibodies (Biomedical
Technologies Inc.) for 2 h at room temperature. Excess
secondary antibodies were then removed and nuclei
were stained with 0.01 pg/ul DAPI for 10 min.

Preparation of the mitochondria

To isolate mitochondria from wild-type and AIF-defi-
cient strains, mid-log phase cells were harvested by
centrifugation and washed with 10 mM Tris-HCI (pH
7.2). The washed cell pellets were then re-suspended
in cold lysis buffer containing 250 mM sorbitol, 0.2%
BSA, 5 mM iodoacetamide, 1 mM EDTA, and 10 mM
MOPS-KOH (pH 7.2), and homogenized using Physco-
tron (Microtec Co., Ltd.) on ice. To remove nuclei and
unbroken cells, the lysates were then centrifuged for 5
min at 1,000 x g; the supernatants were decanted into
Corex centrifuge tubes, followed by centrifugation at
8,000 x g for 5 min. Each crude mitochondrial pellet
was re-suspended in 500 pl of SEM buffer containing
250 mM sucrose, 1 mM EDTA, and 10 mM MOPS-
KOH (pH 7.2). The mitochondria were then purified
on discontinuous sucrose gradients consisting of 1.6 M
(4 ml) and 1.15 M (7 ml) sucrose in SEM buffer in 13
PET centrifuge tubes. The crude mitochondrial sus-
pensions were layered onto the sucrose gradients and
centrifuged at 22,500 rpm for 1 h at 4°C using an
RPS40T rotor in an SCP70H ultracentrifuge. The mito-
chondrial bands were carefully recovered from the
interface and transferred into Eppendorf tubes. Mito-
chondria were collected by centrifugation at 8,000 x g
for 10 min, the supernatants discarded, and the mito-
chondrial pellets suspended in SEM buffer. To confirm
no contamination of nuclear fraction into
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mitochondrial fraction, PCR analysis was carried out
using specific primers. The promers used are as fol-
lows: Mitochondrial large subunit rRNA (mtLSUrRNA)
gene; mtLSU-3 (5-TACAACAGATAGGGACCAA-3)
and mtLSU-4 (5-CCTCCTAAAAAGTAACGG-3’), and
B-tubulin; BTU-F (5-TCCACAGAGACACTAAA-3)
and BTU-R (5-ATGCGGTGAGTGCAGAA-3’).

Agarose gel assay for mitochondrial nuclease activity
Substrate plasmid DNA (2 ug of pT7Blue T-vector) was
coincubated with isolated mitochondria (2 pg of protein)
in 30 pl of reaction buffer containing 20 mM KCl and
50 mM MOPS (pH 6.5) at 37°C. To prepare three types
of liner formed DNA which have 3’ overhang, blunt-end
and 5’ overhang, plasmid DNA was digested with Kpnl,
Smal and BamH]I, respectively, prior to incubation with
mitochondria. To quench the reaction, 2% SDS and 10
mM MgCl, were added, and the mixture was incubated
at 50°C for 60 min. DNA samples were loaded onto
1.5% agarose gels, electrophoresed, and visualized by
staining with ethidium bromide.

Additional file 1: Mitochondrial nuclease activity. A. Purified
mitochondria (2 ug protein) from ATTHERM_01104910 (a: lane 1) and
ATTHERM_006222710 (b: lane 2) were incubated with 2 ug substrate
plasmid DNA for 30 min at 37°C in 30 pl reaction buffer containing 20
mM KCI and 50 mM MOPS (pH 6.5). Lane 4 and 5 indicate 100-bp ladder
size marker and AHindlll-digest, respectively. The substrate DNA appears
in the nicked open circular (OQ), linear (L), and supercoiled (SC) forms. B.
The nuclease assay was performed under various incubation times. Lane
2-4 (a), substrate DNA was coincubated with ATTHERM_01104910
mitochondria. Lane 5-7 (b), substrate DNA was coincubated with
ATTHERM_006222710 mitochondria. Lane 1 shows undigested sample.
Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2121-11-
13-S1.D0C]

Additional file 2: Cloning of TTHERM_01104910 and construction of
the KO plasmid. A. One of AIF homologs (TTHERM_01104910), including
the 1-kb 5’ - and 3-untranslated regions (UTRs), was amplified from
CU428 genomic DNA using the following primers: A4910-F (5"~
TTACCCTTCACTCAAGCC-3) and A4910-R (5-ATGGTTGTGCTCGTAGTG-3).
Polymerase chain reaction (PCR) was carried out using the following
program: 5 min at 94°C followed by 30 cycles of 94°C for 1 min, 53.5°C
for 1 min, and 72°C for 5 min. The resulting 5,281-bp product was
cloned into pT7 blue T-vector (Novagen) as a backbone for construction
of the knock-out (KO) plasmid. Inverse PCR was performed using the
backbone plasmid as template with the following primers: A4910-F-Notl
(5-gcggccgcGATCGACTCCAAGAGTCGAA-3) and A4910-R-Xhol (5-
ctcgagCTACTTACTTTGCCGC-3)). The start codon of this gene was
destroyed by changing TAC to GAC in the forward primer. The PCR
program included 5 min at 94°C followed by 30 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 8 min. The resulting 7,217-bp product was
self-ligated and cloned. The plasmid was then digested with Notl and
Xhol and integrated into the B-tubulin promoter (Notl/EcoRI-digested
fragment) and Neo" (EcoRI/Xhol-digested fragment) sites to express Neo”
under control of the B-tubulin promoter (Neo'-cassette). B. The resultant
plasmid (pKoTtA4910) was linearized with BamHI before biolistic
bombardment.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2121-11-
13-52.00C]
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