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Elimination of germ-line DNA segments is an essential step in the somatic development of many organisms
and in the terminal differentiation of several specialized cell types. In binuclear ciliates, including
Tetrahymena thermophila, DNA elimination occurs during the conversion of the germ-line micronuclear
genome into the somatic genome of the new macronucleus. Little is known about molecular determinants
and regulatory mechanisms involved in this process. Pdd2p is one of a small set of Tetrahymena polypeptides
whose time of synthesis, nuclear localization, and physical association with sequences destined for
elimination suggest an involvement in the DNA elimination process. In this study, we report that loss of
parental expression of Pdd2p leads to the perturbation of several DNA rearrangement processes in developing
zygotic macronuclei, including excision of internal eliminated sequences, excision of chromosome breakage
sequences, and endoreplication of the new macronuclear genome and eventually results in lethality of the
progeny. We demonstrate that excision and elimination of micronuclear-specific DNA occurs independently of
endoreplication of the new macronuclear genome that takes place during the same period of time. Thus, our
data indicate that parental expression of Pdd2p is required for successful DNA elimination and development of

somatic nuclei.
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DNA rearrangements and partial elimination of the
germ-line genome accompany differentiation of the
soma in many organisms. For example, surface antigen
variation in trypanosomes (Robertson and Meyer 1992),
switching of mating type in yeast (Abraham et al. 1984),
and V(DJJ] recombination in immunoglobulin genes in
vertebrates (for review, see Gellert 1992) all occur by
programmed DNA rearrangements. Selective loss of
germ line-restricted chromatin has been demonstrated to
take part in somatic development of several groups of
flies (Fuge 1997; Glaser et al. 1997) and ascarid worms
(for review, see Muller et al. 1996), and in differentiation
of some human tissues (Bassnett and Mataic 1997).
Thus, a wide range of organisms employs this strategy as
a part of their normal differentiation of the soma. Pro-
grammed DNA rearrangements and elimination of the
germ-line DNA segments are prominent steps in the so-
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matic nuclear differentiation of ciliated protozoa (Pres-
cott 1994; Coyne et al. 1996).

Like most ciliated protozoa, Tetrahymena thermo-
phila contains both somatic (macro-) and germ-line (mi-
cro-) nuclei. The transcriptionally active macronucleus
is polyploid ((#5C), whereas the micronucleus is diploid
and transcriptionally inert (for review, see Gorovsky
1980). Despite large differences in structure and function
of their genomes, both nuclei originate from the same
zygotic micronucleus in the course of conjugation (Nan-
ney 1986). Conjugation is a sexual process during which
micronuclei from two mating cells undergo meiosis to
produce gametic nuclei that are exchanged, fuse, and dif-
ferentiate into two new micronuclei and two developing
new macronuclei, often referred to as anlagen (Orias
1986). During this time, the original parental (old) mac-
ronucleus in each conjugating cell becomes pycnotic and
finally is resorbed (Orias 1986).

Conversion of the micronuclear genome into the ge-
nome of the new somatic macronucleus involves two
major types of DNA rearrangements: elimination of mi-
cronuclear-specific DNA and processing of micronuclear
chromosomes. In the course of DNA elimination, (56000

2852 GENES & DEVELOPMENT 13:2852-2862 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org



DNA segments, dispersed throughout the micronuclear
genome, are precisely excised and subsequently degraded
(for review, see Coyne et al. 1996). These DNA seg-
ments, termed internal eliminated sequences (IESs), con-
stitute (110%-15% of micronuclear DNA (Yao and Gor-
ovsky 1974). Sequences adjacent to IESs are rejoined and
maintained during vegetative growth. During the same
time period, each of the 10 micronuclear chromosomes
in the early anlagen is fragmented into 40-60 DNA seg-
ments, each of which is flanked by telomeres added de
novo (Yu and Blackburn 1991). Chromosome breakage
sequences (CBSs) determine the sites of chromosome
breakage and telomere addition (Yao et al. 1987). CBSs
and (M0 bp of DNA adjacent to them are eliminated
(Godiska and Yao 1990). Finally, anlagen nuclei undergo
a series of endoreplications (Allis and Dennison 1982).
It is unclear to what extent any of these processes
(DNA elimination, chromosome breakage and telomere
addition, DNA replication, etc.) are dependent on an-
other.

Until recently, little was known about the protein fac-
tors associated with DNA elimination in ciliates. How-
ever, using biochemical approaches, a small group of
stage-specific polypeptides referred to as Pdds (for pro-
grammed DNA degradation) were discovered that are
significantly enriched in developing macronuclei during
the period corresponding to most, if not all, of the above
processes (Madireddi et al. 1994). Pdd1p, the first mem-
ber of this group, is an abundant 65-kD phosphoprotein
possessing three chromodomains suggestive of a forma-
tional role in unique heterochromatin-like structures
that are closely associated with DNA elimination (Ma-
direddi et al. 1996). Pdd2p, a 43-kD phosphoprotein, can
be cross-linked to Pdd1p during stages corresponding to
DNA elimination, but is considerably less abundant
than Pddlp and does not reveal sequence similarities
with any known proteins (Smothers et al. 1997b). In de-
veloping anlagen, both Pdd1p and Pdd2p are organized
into specialized electron-dense structures that contain
micronuclear-limited DNA as evidenced by in situ hy-
bridization and immunofluorescence colocalization (Ma-
direddi et al. 1996; Smothers et al. 1997b).

To elucidate the role of Pdd2p in Tetrahymena devel-
opment, we eliminated its parental expression during
conjugation by mating cells of two different mating
types in which we had replaced all somatic copies of the
PDD2 gene. Our data demonstrate that Pdd2p, like
Pddlp, localizes to the parental macronucleus well
ahead of anlagen development in addition to uptake into
developing anlagen later in the conjugation pathway
(Madireddi et al. 1994, 1996). We demonstrate that exci-
sion of IESs and CBSs is severely impaired in exconju-
gants originating from cells lacking parental expression
of Pdd2p, even though postzygotic expression of Pdd2p
appears unaffected. Inability to eliminate DNA is also
associated with the inhibition of DNA endoreplication
from 4C to 8C and with lethality of the progeny. Our
data also indicate that DNA elimination occurs indepen-
dently of DNA replication. Thus, it seems likely that
parental expression of Pdd2p has an important role in
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DNA elimination within the soma such that failure to
carry out this process results in abortive macronuclear
development and death of the progeny.

Results

Pdd2p localizes to the parental macronuclei
during early stages of conjugation

Expression of Pdd2p could be detected by Western blot-
ting as early as 4 hr after cells of different mating types
were mixed for conjugation, well ahead of the formation
of new macronuclei (Smothers et al. 1997b). After forma-
tion of new macronuclei and concomitant programmed
transcriptional inhibition of old macronucleus, Pdd2p
expression is significantly increased (Madireddi et al.
1994; Smothers et al. 1997b), suggesting that during con-
jugation Pdd2p could be translated from messages se-
quentially originating from old macronucleus (preanla-
gen stages of conjugation) and from anlagen (late stages
of conjugation). Intracellular localization of Pdd2p dur-
ing these early stages of conjugation has not been de-
scribed. To pursue this question, new antibodies were
generated against a Pdd2p-specific peptide (see Materials
and Methods for details) that displayed high selectivity
for Pdd2p in Western blot analyses of total anlagen pro-
teins purified from postzygotic (6 and 14 hr) conjugants
(Fig. 1). Pdd2p was detected in parental macronuclei dur-
ing early stages of conjugation (6 hr), but to a lesser ex-
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Figure 1. Pddlp and Pdd2p are detected in parental macronu-
clei as well as anlagen during conjugation. Total proteins from
micro- and macronclei isolated from 6-hr conjugants and from
micronuclei and developing new macronuclei from conjugating
cells at 14 hr postmixing were resolved on 10% SDS-polyacryl-
amide gel, transferred to membrane, and probed with Pdd2p
peptide-derived antibodies. Blots were stripped and reprobed
with Pddlp- and, as a loading control, histone H2B-specific an-
tibodies. Asterisks denote slow-migrating isoforms of Pdd2p
(see Madireddi et al. 1996; Smothers et al. 1997b).
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tent than in 14 hr anlagen; no Pdd2p was detected in
micronuclei isolated from cells at either time point.

The Pdd2p peptide antibodies were then used to exam-
ine the subcellular localization of Pdd2p during both
preanlagen (Fig. 2A) and postanlagen (Fig. 2B) stages of
conjugation. Pdd2p localizes specifically to somatic, pa-
rental macronuclei of conjugating cells at 6 hr postmix-
ing. During later stages, Pdd2p is detected in developing
anlagen, and to a lesser extent, in old macronuclei. The
protein is no longer detected in stages following DNA
elimination (15 hr, characterized by two anlagen and one
micronucleus). Similar, if not identical, distributions
have been detected for Pdd1p (Coyne et al. 1999). Thus,
these data document a complex pattern of localization
suggesting involvement of the Pdd proteins in macronu-
clei processes during both pre- and postanlagen differen-
tiation.
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Figure 2. Nuclear localization of Pdd2p during conjugation.
Selected stages of conjugation are shown schematically and by
micrographs of wild-type Tetrahymena fixed at indicated time
points and stained by DAPI and Pdd2p antibodies. (A) Tetrahy-
mena development before formation of anlagen; (B) late conju-
gation stages after anlagen formation. (Mi) Micronuclei; (An)
anlagen; (Old Ma) old macronuclei (®). Several intranuclear
structures, associated with DNA elimination (doughnut-like
structures) are indicated by white arrowheads.
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Creation of Tetrahymena strains
with somatic knock out of PDD2 gene

To elucidate the function of Pdd2p during early stages of
Tetrahymena development we eliminated its prezygotic
expression. A knockout construct was created in which
the 5’ coding region of the PDD2 gene (380 bp) was re-
placed with the neo cassette (Gaertig et al. 1994) (see Fig.
3A). This construct was introduced into conjugating
B2086 and CU428 cells at 9 hr postmixing using biolistic
transformation, and transformants were selected using
step-wise increments of paromomycin according to es-
tablished procedures (see Materials and Methods for de-
tails).

After selection, total genomic DNAs from two mutant
clones of different mating type, BC1 and BC4, were sub-
jected to Southern analysis to determine whether re-
placement of the PDD2 gene had occurred. DNA was
probed with a PCR fragment corresponding to the 3’ part
of the PDD2 coding region and 3’ flanking sequence (Fig.
3A). As shown in Figure 3B, most of the wild-type copies
of the PDD2 gene were replaced in both clones. The
small amount of wild-type band of 2 kb in mutant cells
most likely came from micronuclear DNA, which pre-
sumably contains an intact unrearranged PDD2 gene.
These results suggest that a replacement of wild-type
copies of PDD2 gene occurred during selection for para-
momycin resistance in two clones tested.

To determine whether the expression of the PDD2
gene was eliminated during the early stages of conjuga-
tion, we performed Northern blot analysis of total cellu-
lar RNA from conjugating mutant cells using the same
PDD2-specific probe. As shown in Figure 3C, no expres-
sion of the PDD2 gene was detected during early stages
of conjugation in the crosses of mutant cells (A). To fur-
ther support these data, indirect immunofluorescent
staining of wild-type and mutant conjugating cells was
performed using the Pdd2p peptide-derived antibodies.
As expected, no signal was found in the macronuclei of
mutant cells (Fig. 3D). Thus, we conclude that two
clones of different mating types were obtained in which
somatic expression of PDD2 gene was eliminated. These
clones were used in all further experiments.

Elimination of somatic expression
of PDD2 gene is lethal for exconjugants

To determine to what extent postzygotic expression of
Pdd2p is affected by somatic knockout of PDD2 gene, we
performed developmental Western blot analyses using
total cellular proteins from conjugating cells at different
time points in the pathway. As shown in Figure 4A, al-
though Pdd2p accumulation is delayed in mutant cells as
expected because of the lack of parental expression of the
PDD2 gene, no significant difference in the level of
Pdd2p in wild-type (WT) and mutant (A) conjugating
cells was detected between 8 and 14 hr. However, at later
time points, a clear difference becomes apparent. Wild-
type cells stop expressing Pdd2p between 16 and 18 hr,
whereas Pdd2p expression in mutant cells persists until



—_— 1.2 kb PDD2-specific probe
A b fic prob
Hind III Hind III
I—l PDD2 2.0 kb genomic PDD2
Hind III Hilnd III Hind III
LEN Neo ‘w PDD2 | | 2.3 kb PDD2 knockout construct
C
1h 3h 6h
B WT A WTAWTA
WT BC1 BC4
» . < PDD2
[ociin) <+ 20kb ~ mRNA

- @ <« 09kb

WD gt - 265
rRNA
D WT A A
L é
DAPI ? -

Figure 3. Disruption of the PDD2 gene eliminates parental
expression during early stages of conjugation. (A) Schematic rep-
resentation of the gene-disruption construct. The open box rep-
resents the coding region of the PDD2 gene. The hatched box is
the coding region of the neo gene. The speckled box is a H4
histone promoter, and the solid box is a Btu2 terminator. A
1.2-kb PDD2-specific probe is shown at bottom. (B) Total geno-
mic DNA (Bpg) was digested with Hind III and probed by
Southern blot hybridization with the probe shown above. The
strains from which DNA was used are indicated at top. (C) Total
cellular RNA isolated from wild-type (WT) and mutant (A) cells
at the indicated time points was probed in Northern blot hy-
bridization with the PDD2-specific PCR fragment (indicated in
A, top), or as a loading control, with 28S ribosomal DNA (bot-
tom). (D) Wild-type (WT) and mutant (A) cells fixed at 6 hr
postmixing and stained with DAPI (top) or with antibodies
against Pdd2p or Pddlp (bottom). Note that the absence of
Pdd2p-specific signal in PDD2 knockout cells cannot be attrib-
uted to a fixation artifact, as cells from the same source stain
positively when probed with Pdd1p antibodies.

at least 24 hr. In addition, unlike wild-type cells, the
ratio between phosphorylated (slower migrating) and un-
phosphorylated isoforms of Pdd2p is relatively constant
with the progression of conjugation in mutant cells (Fig.
4A, 10-16 hr; see Smothers et al. 1997b for details).
These data suggest that mutant cells undergo a develop-
mental arrest or significant delay during late stages of
conjugation.

Other aspects of conjugation in mutant cells are con-
sistent with this hypothesis. During late stages of con-
jugation wild-type cells typically undergo pair separa-
tion, degeneration of old macronuclei, and resorption of
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one micronucleus (see Fig. 4B). Examination of mutant
cells indicates that, although they undergo pair separa-
tion at a normal time, some of them are delayed in de-
generation (Fig. 4C, 11 hr) and subsequent resorption
(data not shown) of their old macronuclei. Also, none of
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Figure 4. PDD?2 knockout cells are arrested during late stages
of conjugation. (A) Western blot analysis of total proteins from
conjugating wild-type (WT) and mutant (A) cells at different
times postmixing (indicated at top in hr) resolved on a 10%
SDS-polyacrylamide gel and transferred to membrane. Distinct
sections of the blots were then probed with previously obtained
Pdd2p antibodies (Smothers et al. 1997b) and as a loading con-
trol tubulin (a-Tub.) antibodies. Note the differences in the rela-
tive ratio between the phosphorylated (slower-migrating) and
unmodified isoforms of Pdd2p between wild-type and mutant
cells starting at (12 hr. (B) Schematic representation of the late
stages of conjugation. The following stages are shown: Macro-
nuclear Development Il MAC II; Macronuclear Development III
MAC III; and New Macronuclei NM. (MI)Micronucleus; (AN)
anlagen; (OM) old macronucleus (black). (C) Confocal sections
of wild-type (WT) and mutant (A) cells fixed at the indicated
time points and stained with DAPI and Pdd1p or Pdd2p anti-
bodies as shown. Asterisks (*) indicate old macronuclei, stained
with DAPI. Note the size difference between old macronuclei at
11 hr, suggestive of different extents of degradation in mutant
and wild-type cells. White arrowheads indicate doughnut-like
DNA degradation structures that are well organized in wild-
type cells but not in mutants at 13 hr. Also, note the clear
presence of Pdd1p and Pdd2p in mutants at 15 hr; these proteins
are not detected in wild-type cells that have eliminated one
micronucleus.
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them resorb one of their two micronuclei as is always
the case with wild-type cells (Fig. 4C, 15 hr). Strikingly,
in anlagen of mutant cells, neither Pdd2p nor Pddlp is
organized into distinctive ring-like DNA elimination
structures (compare anlagen nuclei in Fig. 4C, 13 hr).
Finally, consistent with our immunoblotting analyses
(Fig. 4A), the disappearance of Pdd2p and Pdd1p is clearly
delayed in mutant cells (compare wild-type and mutant
cells at 15 hr). Thus, we conclude that mutant cells in-
deed undergo arrest or a pronounced developmental de-
lay during late stages of the conjugation process.
Analysis of several hundred individual pairs of mutant
cells demonstrate that their exconjugant progeny are not
able to divide upon return to nutrient conditions and
eventually die (Table 1). Interestingly, mutant cells of
either mating type do not undergo arrest at late macro-
nuclear development II/III (MAC II/MAC III) stages and
give rise to viable progeny when conjugated to wild-type
partners (Table 1), suggesting that the PDD2 expression
from parental macronuclei of the wild-type cell can res-
cue the mutant phenotype. Similar results were obtained
in conjugation using four independent mutant clones
(data not shown), ruling out the possibility that observed
aberrant phenotypes were due to clonal variability.

Excision of internal eliminated sequences
is affected in PDD2 knock out cells

To investigate potential cause(s) for arrest and subse-
quent death of PDD2-mutant cells, we attempted to ana-

Table 1. PDD2 mutant cells do not give rise to viable
progeny

Number of Number of Number of

individual clones with clones
Type of pairs more than 2 completed
mating cells® examined cells/drop conjugation®
B2086 x CU427 100 80 = 12 70 = 10
BC1 x BC4 100 17 £ 15 0
BC1 x CU427 100 60 + 13 54 11
BC4 x CU427 100 75 = 15 63+9

Wild-type and mutant cells were mated as indicated. Individual
cell pairs were cloned in a drop of growth media at 10 hr post-
mixing. Only drops containing two cells able to move one hr
after the transfer were counted. Cells were examined for the
ability to divide and move inside drops at 24 hr after transfer.

?Each lane represents results obtained in the course of four in-
dependent experiments.

PTo distinguish between cells that completed conjugation (prog-
eny cells) and cells that have aborted from conjugation, all
clones conjugated with the CU427 strain were tested for resis-
tance to cycloheximide (only progeny cells should be resistant,
see Material and Methods for the CU427 genotype). For the
same purpose, cells from the BC1 x BC4 mating were checked
for paromomycin resistance (only aborted cells should display
resistance), and ability to mate with either CU427 or CU428
cells (only aborted cells should be able to participate in mating
again, because progeny cells need to pass through multiple di-
visions before achieving sexual maturation).
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lyze several molecular processes known to occur in an-
lagen during this time period. Physical association of
Pdd2p with micronuclear-specific DNA sequences in
wild-type cells (Smothers et al. 1997b), prompted us to
check whether the process of DNA elimination is altered
in mutant conjugants. To test this possibility, anlagen
nuclei were isolated from conjugating wild-type and mu-
tant cells at 24 hr postmixing, well after the time when
DNA elimination is known to occur (i.e., 12-14 hr, Aus-
terberry et al. 1984). To separate anlagen from contami-
nating micronuclei and old macronuclei, total nuclei
were subjected to sedimentation at unit gravity accord-
ing to Allis and Dennison (1982). To control for potential
contamination of anlagen fractions with micronuclei, to-
tal protein from purified populations of analgen were
probed in Western analyses with antibodies specific to
micronuclear-specific linker histone (Chicoine et al.
1985). Only fractions that did not show any signal in the
above assay (data not shown) were taken for further ex-
periments.

DNAs isolated from purified populations of nuclei
from wild-type and mutant cells were then probed in
Southern blot analysis using a fragment of micronuclear-
specific DNA (pTt2512ac) that contains highly dispersed
micronuclear-limited sequences repeated (200 times in
the micronuclear genome (Yao 1982). Thus, this se-
quence represents a convenient probe to monitor global
DNA elimination from a number of sites in the micro-
nuclear germ line. As shown in Figure 5B, a very weak
pTt2512ac hybridization is detected in wild-type macro-
nuclear or anlagen DNA whereas a strong signal is de-
tected in purified micronuclear populations. In contrast,
24-hr anlagen DNA from mutant cells displays a strong
hybridization signal whose intensity and pattern is very
similar to that of micronuclear DNA (Fig. 5B). In addi-
tion, as described above, Pddlp and Pdd2p in mutant
cells are not organized into the distinctive DNA elimi-
nation structures (Fig. 4C, 13 hr) that are closely associ-
ated with germ-line DNA segments in the process of
DNA elimination (Madireddi et al. 1996; Smothers et al.
1997b). Thus, our data suggest that DNA elimination of
at least some micronuclear-specific DNA sequences is
inhibited in cells with somatic knockout of the PDD2
gene.

Chromosome breakage and telomere addition
are affected in PDD2 knockout cells

CBSs are also eliminated during anlagen development in
the course of chromosome breakage and telomere addi-
tion (Yao et al. 1990). To determine whether CBSs are
being excised in mutant cells, we performed Southern
blot hybridization analysis as above, except that the
DNA was probed with a 20-mer oligonucleotide CBS-1,
which represents a consensus for CBSs (Yao et al. 1987).
As expected, a strong hybridization signal is detected in
DNA from wild-type micronuclei, but not from macro-
nuclei or anlagen (Fig. 5). In contrast, strong hybridiza-
tion is observed with DNA from 24-hr anlagen of PDD2
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Figure 5. IES elimination, CBS elimination, and telomere ad-
dition are inhibited in PDD2 knockout cells. (A) Schematic rep-
resentation of DNA rearrangements that occur during anlagen
differentiation in wild-type cells. Open rectangles represent
chromosomes, solid rectangles are IESs, open squares are CBSs;
telomeres are shown as a group of rectangles. (Mi) Micronuclear
chromosomes; (Ma) macronuclear chromosomes. (B-D) DNA
(B ng) isolated from macronuclei (Ma), micronuclei (Mi), or
anlagen nuclei (An) from wild-type (WT) or mutant (A) cells was
digested with HindIIl enzyme and probed sequentially with the
DNA sequences shown at the top of each blot. Anlagen from
wild-type and mutant cells were isolated at 24 hr postmixing
using sedimentation at unit gravity according to Allis and Den-
nison (1982). Purity of anlagen fractions was checked in West-
ern blot analyses (not shown) using antibodies against micro-
nuclear-specific linker histone (3), a polypeptide known to be
specific to micronuclei (Chicoine et al. 1985). DNA size stan-
dards are shown in kb.

knockout cells, suggesting that chromosome breakage
and CBS elimination did not take place in the absence of
parental expression of Pdd2p.

Finally, to test whether the addition of telomeres was
also inhibited in mutant cells, the blot in Figure 5C was
stripped and reprobed with an oligonucleotide contain-
ing a triplet of the telomere sequence 5'-CCCCAA-3’
(King and Yao 1982). As shown in Figure 5D, the hybrid-
ization signal detected in DNA from mutant anlagen at
24 hr is very similar to that produced by wild-type mi-
cronuclar DNA, but differs markedly from that observed
in DNA recovered from wild-type macronuclei and wild-
type anlagen, suggesting that de novo telomeres have not
been added to anlagen DNA in mutant cells. Collec-
tively these data argue that excision of micronuclear-
specific sequences and several associated DNA rear-
rangements do not occur in anlagen of mutant cells.
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DNA endoreplication is blocked
in anlagen of PDD2 knockout cells

Another process that occurs in developing anlagen at
about the same time as the processes discussed above
(DNA elimination, chromosome fragmentation, and
telomere addition) is DNA endoreplication (Austerberry
et al. 1984). To determine whether this process is af-
fected in anlagen of PDD2 knockout cells, we compared
the relative DNA content of anlagen nuclei in mutant
and wild-type cells using flow cytometry. Cells were col-
lected at different time points of conjugation, lysed in
buffer containing propidium iodide, and subjected to
analyses (Fig. 6). In wild-type cells, two peaks corre-
sponding to nuclei with relative ploidies of 4C and 8C
are apparent at 15 hr and remain at least until 24 hr if
cells are maintained under non-nutrient conditions (see
Allis and Dennison 1982 for details). The peak of 8C
DNA is not detected in anlagen purified from mutant
cells at either 15 or 24 hr (Fig. 6, right) even when ex-
conjugants are switched to nutrient conditions (not
shown). These data demonstrate that anlagen in PDD2
knockout cells fail to endoreplicate from 4C to 8C.

The flow-cytometry data also support our earlier cyto-
logical observation that the elimination of old macronu-
clei does not occur efficiently in mutant cells as com-
pared with wild-type cells.

DNA elimination occurs independently
from anlagen endoreplication in wild-type cells

The apparent simultaneous block in DNA endoreplica-
tion and sequence elimination in anlagen of PDD2 mu-
tant cells raises a question about cause—effect relation-
ships between these two processes. To test whether in-
hibition of DNA replication abolishes DNA elimination
in wild-type cells, aphidicolin, a specific DNA synthesis
inhibitor (Ikegami et al. 1978), was added to wild-type
conjugating cells at 10 hr postmixing to a final concen-
tration of 5 ug/ml. At this time, the vast majority of cells
(82%) were in the early MAC II stage (i.e., before DNA
elimination and DNA replication have been reported to
begin; see Austerberry et al. 1984 for details). To monitor
DNA replication, 5-bromo-2’-deoxyuridine (BrdU) was
added to cells together with the aphidicolin. Cells were
fixed hourly between 11 and 15 hr and stained simulta-
neously with antibodies against BrdU to identify repli-
cating nuclei and Pdd2p to monitor the formation of in-
tranuclear DNA elimination structures.

As shown in Figure 7A, formation of the ring-like,
DNA elimination structures occurs prior to the incorpo-
ration of BrdU in wild-type anlagen, which in this mat-
ing occurred maximally at 14-15 hr. Also, inhibition of
BrdU incorporation (i.e., DNA replication) by treatment
with aphidicolin (Fig. 7B) does not prevent formation
and/or disappearance of these elimination structures, as
was evidenced using morphological criteria. In addition,
anlagen DNA isolated from wild-type cells treated with
aphidicolin does not reveal any signal when probed with
IESs or CBSs in Southern blot hybridization (Fig. 7C-E),
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Figure 6. Endoreplication from 4C to 8Cis @ g
blocked in anlagen in PDD2 knockout cells. g,&:
Wild-type (WT) and mutant (A) cells were E"%
lysed at time points indicated at right, stained 2~

with propidium iodide, and the relative DNA
contents of their nuclei were measured by
flow cytometry. Relative ploidy values were
determined from “standards” of micronuclei
purified from starved cells that are known to
be in G, stage of the cell cycle with 4C DNA
content (Allis and Dennison 1982). Peaks cor-
responding to micronuclei (Mi), anlagen (An),
and old macronuclei (OM) are indicated.

demonstrating that DNA elimination and chromosome
breakage can occur in wild-type Tetrahymena cells
when anlagen DNA endoreplication from 4C to 8C is
inhibited.

Interestingly, inhibition of anlagen DNA endoreplica-
tion does not arrest cells in the MACIII stage; cells are
clearly able to proceed to the new macronuclei (NM)
stage, eliminating one micronucleus. Not surprisingly,
treatment of conjugants with 5 pg/ml of aphidicolin for
prolonged periods of time (>24 hr) is lethal (data not
shown), in good agreement with previously reported re-
sults (Kapler and Blackburn 1994). Thus, these data sug-
gest that the failure of anlagen to eliminate germ-line
DNA segments and undertake other closely associated
DNA rearrangements is not likely to be due to the failure
of these cells to endoreplicate from 4C to 8C (Fig. 6).

Discussion

Phenotypes caused by the deficiency
of parental expression of Pdd2p

Conjugating Tetrahymena lacking parental expression of
Pdd2p display several abnormal developmental pheno-
types culminating in arrest at late stages of anlagen dif-
ferentiation (MAC II-MAC III stages) and eventually re-
sulting in death of the progeny. Processes inhibited or
delayed in mutant cells occur in all three types of nuclei:
(1) mutant cells are unable to eliminate IES and CBS
sequences, add telomeres de novo, or endoreplicate their
genome in developing new macronuclei; (2) a delay in
degradation of old macronuclei is detected in many mu-
tant cells; and (3) none of the mutant cells eliminates
one micronucleus and therefore they fail to advance to
the NM stage of anlagen development. None of these
aberrant phenotypes are observed in wild-type cells or in
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Figure 7. DNA elimination in developing macronuclei occurs
independently from 4C to 8C DNA endoreplication. Confocal
sections of cells that had conjugated in media containing BrdU
either in the absence (A) or presence (B) of 5 ng/ml of aphidico-
lin, fixed at indicated time points, and stained with DAPI and
antibodies against Pdd2p and BrdU. (C-E) DNA (B pg) from
anlagen nuclei of cells treated with aphidicolin (lanes 1) and
micronuclei of untreated cells (lanes 2) was digested with Hin-
dIII and probed sequentially with a pTt2512ac (C), CBS (D), or a
PDD2-specific probe to control loading (E). DNA size standards
are shown in kb.



mutant cells conjugated with a wild-type partner. This is
not surprising, as after pair formation conjugating cells
share a common cytoplasm (Orias 1986), leading to the
reasonable notion that Pdd2p synthesized in wild-type
cell can migrate to parental nuclei in both wild-type and
mutant cells.

On the other hand, several processes known to occur
in wild-type cells during the same period of time are not
affected in PDD2 mutants. For example, activation of
transcription in anlagen, as evidenced by near-normal
levels of Pdd2p and Pdd1p detected at late stages of con-
jugation (Fig. 4A,C; data not shown), endoreplication of
anlagen to 4C (Fig. 6), and pair separation of mating cells
all occur as in wild-type cells. Thus, our data underscore
specificity of the phenotypic consequences in developing
macronuclei associated with the disruption of somatic
(parental) expression of Pdd1lp. These consequences are
likely to be caused by impaired DNA elimination and
associated DNA rearrangements and by inhibition of
DNA replication.

All DNA remodeling processes affected in PDD2
knockout cells occur within a very short time period
(Austerberry et al. 1984) making it difficult to determine
their order or dissect cause—effect relationships. How-
ever, our data (Fig. 7) demonstrate that DNA endorepli-
cation from 4C to 8C is not required for DNA elimina-
tion or for the scheduled formation and disappearance of
DNA elimination structures. Thus, it seems likely that
failure to eliminate DNA in PDD2 mutants is not a con-
sequence of DNA endoreplication arrest.

Could the reciprocal be the case? In our study, inhibi-
tion of IES and CBS elimination correlate with a block in
DNA endoreplication between 4C and 8C. Endoreplica-
tion to this ploidy level could be a first step in polyploidi-
zation of the new macronucleus. If correct, the presence
of IESs, consisting largely of heterochromatic sequences
(Madireddi et al. 1996), could be inhibitory for efficient
polyploidization as has been suggested in studies ad-
dressing the under-representation of certain heterochro-
matic sequences during endoreplication of Drosophila
polytene chromosomes (Glaser and Spradling 1994; Gla-
ser et al. 1997). Alternatively, efficient amplification of
the developing macronuclear genome could be impos-
sible without first breaking it into smaller DNA frag-
ments flanked with telomeres. Indeed, studies on ampli-
fication of a mutant nm11 rDNA locus in Tetrahymena
suggested that this locus can only be partially amplified
in the “micronuclear-type” form (i.e., retaining CBSs and
lacking telomeres), and cells homozygous for this mu-
tant locus eventually die (Kapler and Blackburn 1993;
Ward et al. 1997).

Inhibition of DNA replication by treatment with
aphidicolin results in cell death (Kapler and Blackburn
1993). In our study, mutant cells unable to replicate their
DNA also die, although it remains unclear whether the
arrest of DNA replication in PDD2 knockout cells is the
primary (or the only) cause of cell lethality. Besides the
presumed effect on DNA replication, retention of some
or all TESs could be detrimental for progeny survival if
they disrupt or misregulate expression of gene(s) essen-
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tial for vegetative growth in the now-active somatic
macronuclear genome.

We suspect that inhibition or delay of processes occur-
ring in other nuclei of mutant cells (see above) is likely
to be an indirect effect of general developmental arrest
caused by the inhibition of DNA elimination and asso-
ciated processing in anlagen.

Could parental Pdd2p be directly involved
in nuclear differentiation of anlagen nuclei?

Lack of parental expression of Pdd2p does not have an
apparent effect on Tetrahymena development at early
stages of conjugation when somatic macronuclei are the
only source for PDD2 mRNA. Indeed, mutant cells be-
come arrested at later stages of conjugation, when there
seems to be near-normal amounts of Pdd2p resulting
from expression in developing anlagen. One model ac-
counting for these data suggests that correct timing of
Pdd2p deposition to old macronuclei is a crucial event
for the development of new macronuclei. Another model
would assume that parental Pdd2p contributes in a func-
tionally significant way to the total amount of Pdd2p in
anlagen. In this model, absence of parental Pdd2p results
in a decrease in the total amount of Pdd2p at a critical
stage of conjugation below a threshold level required to
bring about DNA elimination in a manner that remains
to be determined. If correct, this model presumes an ex-
tremely Pdd2p dose-dependent mechanism of regulation
of nuclear differentiation. However, our immunoblot-
ting data, while only semiquantitative, suggest that pa-
rental Pdd2p does not contribute substantially to the to-
tal pool of Pdd2p in anlagen, and matings to wild-type
partners overcome any proposed deficiency in parental
expression. Still, it remains a formal possibility, that a
dose-sensitive mechanism regulates the efficient forma-
tion and assembly of DNA elimination structures by
limiting key components involved in the assembly path-
way such as Pdd2p.

Could parental Pdd2p be involved
in transnuclear regulation of DNA elimination!

An alternative hypothesis that could explain the inhibi-
tion of DNA elimination in cells lacking parental expres-
sion of Pdd2p requires its involvement in parental trans-
nuclear regulation of IES excision. Recent data demon-
strate that introduction of an IES sequence into the pa-
rental macronuclei of Tetrahymena or Paramecium cells
specifically inhibits excision of that element (but not
others) in the genome of new macronuclei (Duharcourt
et al. 1995, 1998; Chalker and Yao 1996). These obser-
vations suggest that parental macronuclei play a role in
the excision of micronuclear-specific DNA by directing
which sequences should be retained in the genome of the
new macronucleus (for review, see Meyer and Duhar-
court 1996). One of the models proposed to account for
this phenomenon postulates the direct transport of DNA
and/or RNA molecules between parental and new mac-
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ronuclei (Duharcourt et al. 1995). In such a model, it is
likely that proteins are involved in generation of the pre-
sumed nucleic acid “shuffling molecules” in parental
macronuclei and/or in the proposed transport to anlagen.
The properties of Pdd2p make it a candidate for such a
role. Indeed, during the developmental program of con-
jugation, Pdd2p and Pddlp are detected first in parental
macronuclei and later in new macronuclei, where they
are associated with DNA destined for elimination. Ul-
trastructural analyses of parental macronuclei immuno-
gold stained with Pdd1lp antibodies (Coyne et al. 1999)
detected Pdd1p in discrete structures closely apposed to
the cytoplasmic face of the nuclear envelope, suggestive
of a docking mechanism that may be involved in an ex-
port pathway from parental macronuclei to anlagen. Nei-
ther of these models is mutually exclusive, and we look
forward to biochemical and genetic tests of these and
other possibilities. Although the detailed mechanisms
remain to be determined, it is clear from our data and
data recently collected from similar studies on the dis-
ruption of PDD1 gene (Coyne et al. 1999) that parental
expression of Pdd family members is essential for DNA
elimination and related nuclear events during differen-
tiation of the somatic lineage in Tetrahymena.

Materials and methods

Strains, cell culture, and conjugation

T. thermophila strains CU428 [mpr1-1/mprl-1 (MPR1, mp-s,
VII)], CU427 [chx-1/chx-1 (CHX1, cy-s, VI)], and B2086 [mpr/
mpr, chx/chx (mp-s, pm-s, cy-s, II)] were kindly provided by P.J.
Bruns (Cornell University, Ithaca, NY). Cells were grown in SPP
medium (1% proteose peptone, 0.2% dextrose, 0.1% yeast ex-
tract, 0.003% sequestrine) (Gorovsky et al. 1975). For conjuga-
tion, cells of different mating types were washed, starved (16-24
hr, 30°C), and mated in 10 mm Tris-HCI (pH 7.5), as described by
Allis and Dennison (1982). Pairing efficiency was estimated by
counting pairs at 2 hr postmixing. All experiments involving
Tetrahymena conjugation were performed at pairing efficien-
cies of not <85%.

Plasmids

Plasmid p4T2-1-PDD2-KO was obtained by inserting a 327-bp
PCR fragment corresponding to the 3’ untranslated region
(UTR) of the PDD2 gene into the p4T2-1 plasmid (Gaertig et al.
1994) using Sacll and BamHI enzymes, followed by the inser-
tion of a 927-bp PCR fragment, corresponding to the 5’ portion
of the PDD2 coding region and its 5' UTR using Xhol and Kpnl
enzymes. The primers used in the PCR reaction for the 5 UTR
were SUPFL: 5-AGACCGCGGCAAATTTTCTCTATTAAAA-
CC-3’ and 3UPFL: 5-AGAGGATCCTTTTCTATGTGTAT-
TAATCAG-3' and for the 3’ portion of the PDD2 gene and flank
were SDWNFL: 5-AGACTCGAGAAATTCCAATTGATGA-
TAGC-3' and 3BDWNFL: 5'-AGAGGTACCGATTACAGAGA-
AAAAGTAG-3'. For transformation of Tetrahymena cells the
plasmid DNA was prepared according to Hai and Gorovsky
(1997). Plasmid pTt2512 was a gift from Dr. Meng-Chao Yao
(Fred Hutchinson Cancer Research Center, Seattle, Washing-
ton).

Gene replacement by biolistic transformation

CU428 and B2086 cells were mated and transformed at 9 hr
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postmixing with the p4T2-1-PDD2-KO construct using the Du-
Pont Biolistic PDS-1000/He Particle delivery system (Bio-Rad),
as described previously (Cassidy-Hanley et al. 1997). To select
for transformants, cells were subjected to step-wise selection for
paromomycin resistance starting from 120 pg/ml to a final con-
centration of 1.5 mg/ml, above which the cells failed to grow.
Following drug selection, several single cells were cloned, prop-
agated for (100 generations to achieve sexual maturity, and sub-
jected to conjugation with each other and with CU427 cells.
Clones able to conjugate with other clones and with CU427
cells were chosen for further experiments.

Southern and Northern blot hybridization

Total genomic DNA and total cellular RNA were isolated, re-
solved on standard or denaturing 1% agarose gels, respectively,
and blotted as described previously (Richards 1988). A PCR frag-
ment obtained in the reaction with 5PRB (5'-TAGGATGAT-
CAAGGGTAATCAG-3’) and 3DWNFL primers (see above) was
used as a PDD2-specific probe. Fragments a and ¢ obtained by
Haelll restriction digestion of the insert from plasmid pTt2512
(Yao 1982) were used as a probe for Tetrahymena IES DNA. The
insert from plasmid pBS26S (Engberg and Nielsen 1990), ob-
tained by digestion with HindIIl enzyme was used as a probe for
Tetrahymena 26S ribosomal RNA. All probes were labeled with
[a-*?P]dATP by random priming (Richards 1988). Oligonucleo-
tides CBS1: 5" TAAAGAAAGAGGTTGGTTTA-3’ (Yao et al.
1987) and TEL1: 5'-CCCCAACCCCAACCCCAA-3’ (King and
Yao 1982) were used as probes for CBSs and telomere sequences,
respectively. Oligonucleotides were labeled with [y-*’P]ATP
and hybridized as described previously (Yao et al. 1987).

Generation of antibodies

A Pdd2p-specific peptide D,,;,GNKQNNQEQPYLPN,,,C, was
synthesized containing an artificial cysteine on the carboxyl
terminus. The peptide was conjugated to keyhole limpet hemo-
cyanin via cysteine using standard protocols. Rabbits were then
immunized with injections of 1 mg of conjugated peptide (for
details, see Lin et al. 1989).

Nuclei preparation

Macronuclei, micronuclei, and anlagen nuclei were isolated
from Tetrahymena as described by Gorovsky et al. (1975) except
that the nucleus isolation buffer contained 1 mm iodoacet-
amide, 1 mm phenylmethylsulfonyl fluoride (PMSF), 10 mm so-
dium butyrate, but not spermidine. Nuclei purification using
sedimentation at a unit gravity was performed according to Al-
lis and Dennison (1982).

Electrophoresis and immunoblotting

SDS-PAGE and immunoblotting analyses were performed as de-
scribed previously (Lin et al. 1989). When whole-cell SDS ly-
sates were used, aliquots of 1x10° cells were removed from a
mating-cell culture and processed as described previously (Gutt-
man et al. 1980). Antibodies against Pddp proteins and Tetra-
hymena a-tubulin antibodies were used as described previously
(Van de Water et al. 1982; Smothers et al. 1997b)

Indirect immunofluorescence analysis

Conjugating cells were fixed and processed for indirect immu-
nofluorescence as described previously (Smothers et al. 1997b).



Cells were stained with the DNA-specific dye diamidinopheno-
lindole (DAPI) at 0.3 pg/ml in Tris-buffered saline (TBS). Pdd1p
antibodies were used as described previously (Smothers et al.
1997b). Pdd2p peptide-derived polyclonal rabbit antibodies were
used at 1:100 dilution. Antibodies against BrdU were purchased
from Amersham and used according to the manufacturer’s
guidelines. For simultaneous staining with Pdd2p and BrdU an-
tibodies, cells were fixed according to the protocol for Pdd2p
antibodies, dropped on microscope slides, treated with 2N hy-
drochloric acid for 30 min at room temperature, followed by
several washes in TBS, and stained according to the protocol for
Pdd2p antibodies.

Fluorescent and confocal microscopy

Fluorescent microscopy was performed using an Olympus BH-2
microscope and photographed on Kodak TMAX 400 film with a
mounted Olympus C-35AD-2 camera. Confocal images were
obtained with a Leica TCS NT microscope, and digital images
were processed using Adobe Photoshop (Adobe Systems, Inc.,
San Jose, CA).

Flow cytometry analysis

Tetrahymena cells were lysed in a buffer containing 0.25 M
sucrose, 10 mm MgCl,, and 0.5% NP-40 at a concentration of
1.0 x 10° cells/ml. The DNA-specific dye propidium iodide was
then added to 50 ng/ml and nuclei were stained for 1 hr before
flow cytometry analysis using either a Coulter Profiler or a Bec-
ton Dickinson Calibur flow cytometer.
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