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The Tetrahymena thermophila origin recognition complex
(ORC) contains an integral RNA subunit, 26T RNA, which
confers specificity to the amplified ribosomal DNA (rDNA)
origin by base pairing with an essential cis-acting replica-
tion determinant—the type I element. Using a plasmid
maintenance assay, we identified a 6.7 kb non-rDNA frag-
ment containing two closely associated replicators, ARS1-
A (0.8kb) and ARS1-B (1.2 kb). Both replicators lack type I
elements and hence complementarity to 26T RNA, sug-
gesting that ORC is recruited to these sites by an RNA-
independent mechanism. Consistent with this prediction,
although ORC associated exclusively with origin sequ-
ences in the 21 kb rDNA minichromosome, the interaction
between ORC and the non-rDNA ARS1 chromosome chan-
ged across the cell cycle. In G, phase, ORC bound to all
tested sequences in a 60 kb interval spanning ARS1-A/B.
Remarkably, ORC and Mcm6 associated with just the
ARSI1-A replicator in G, phase when pre-replicative com-
plexes assemble. We propose that ORC is stochastically
deposited onto newly replicated non-rDNA chromosomes
and subsequently targeted to preferred initiation sites
prior to the next S phase.
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Introduction

The conserved Origin Recognition Complex (ORC) deter-
mines the sites for replication initiation in eukaryotic chro-
mosomes and serves as a scaffold for pre-replicative complex
(pre-RC) assembly. Although ORC subunits are conserved in
eukaryotes, the cis-acting DNA sequence requirements for
replicator function are not. Saccharomyces cerevisiae ORC
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binds in a sequence-specific manner to a short motif
present at all origins. ORC binding to autonomously replicat-
ing sequence (ARS) elements is required for origin activation,
whereas other protein-DNA interactions serve lesser, auxili-
ary roles (Marahrens and Stillman, 1992; Bolon and
Bielinsky, 2006). In contrast, Schizosaccharomyces pombe,
Drosophila melanogaster and human ORC bind non-specifi-
cally to ATrich DNA sequences (Kim and Huberman,
1998; Vashee et al, 2003; Remus et al, 2004). S. pombe
replicators consist of blocks of degenerate sequence that
create multiple ORC-binding sites (Segurado et al, 2003; Dai
et al, 2005).

In Drosophila and the rat, ORC is tethered to the respective
chorion gene (DAFC-66D) and aldolase origins by associating
with unrelated sequence-specific DNA-binding proteins (Beall
et al, 2002; Minami et al, 2006). The interaction of human
ORC with HMGAla similarly creates functional origins in
heterochromatic regions (Thomae et al, 2008). Whether
tethering is commonly used to recruit ORC to metazoan
origins is unclear. To add to the complexity, metazoan
replicators vary in size and local density of initiation sites.
Although the 1.2 kb human lamin B2 replicator initiates at a
single discrete site (Abdurashidova et al, 1998), many origins
fire within the 20kb segment downstream of the hamster
DHFR gene (Hamlin and Dijkwel, 1995).

Tetrahymena thermophila (Tt) ORC is unusual in that it
contains an integral RNA subunit that uses Watson-Crick
base pairing to bind to its cognate DNA target in the
ribosomal DNA (rDNA) replication origin (Mohammad
et al, 2007). This DNA sequence, the type I element, is
required for developmentally programmed amplification
and cell cycle-controlled vegetative replication of rDNA mini-
chromosomes (Figure 1A) (reviewed in Tower, 2004).
Remarkably, the ORC RNA subunit, 26T RNA, corresponds
to the terminal 282 nucleotides (nt) of 26S TrRNA
(Mohammad et al, 2007). Mutations that perturb RNA pairing
with the type I element Trich strand disrupt rDNA origin
recognition and activation. Type I elements are recognized by
additional single-stranded binding factors, including TIF1p,
which binds to the A-rich strand at the origin and controls the
timing of rDNA origin activation (Saha et al, 2001; Morrison
et al, 2005).

rDNA and non-rDNA chromosomes are differentially re-
plicated during Tetrahymena development. This property
stems from the partitioning of chromosome functions into
two distinct nuclei within each cell: the ‘germline’ micro-
nucleus and the ‘somatic’ macronucleus (reviewed in Karrer,
2000). The non-transcribed micronucleus contains the chro-
mosomes that are transmitted to progeny during conjugation.
As such, it undergoes conventional mitosis and meiosis. The
transcribed, amitotic macronucleus confers the phenotype of
the cell. During conjugation pronuclei are exchanged and
fuse to generate a new diploid micronucleus. Following two
rounds of DNA replication and nuclear division, two of the
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Figure 1 Organization of rDNA and non-rDNA macronuclear chro-
mosomes. (A) Schematic of the palindromic rDNA minichromo-
some. Expanded view of the 5 NTS includes positioned
nucleosomes (ovals) type I elements (black rectangles), pause site
elements (grey rectangles), rRNA promoter (thin arrow) and repli-
cation origins (ori) which reside in the 430 bp imperfect duplicated
sequences, domains 1 and 2 (thick arrows). The sequence of the
type IB element T-rich strand and flanking DNA are shown, includ-
ing predicted base pair interactions with 26T RNA.
(B) Chromosome reorganization and replication during macronuc-
lear development. A portion of the micronuclear chromosome
encoding the single copy rRNA gene is shown (CBS: chromo-
some-breakage sequences). See text for additional details.

four micronuclei differentiate into macronuclei. At this time,
the five monocentric chromosomes are fragmented at chro-
mosome-breakage sequence (CBS) elements and further rear-
ranged, generating ~280 macronuclear chromosomes (size
range: 21->4000kb) (Figure 1B). Non-rDNA chromosomes
re-replicate to a final copy number of ~45 C, whereas the
single copy rDNA locus is rearranged into a 21 kb minichro-
mosome and amplified ~5000-fold. Once development is
complete, micro- and macronuclear chromosomes replicate
once per vegetative cell division. Despite the absence of
centromeres, macronuclear chromosomes are maintained at
a relatively constant copy number.

Here, we describe a plasmid shuttle assay that was used to
isolate the first non-rDNA Tetarhymena replicator, and show
that it is comprised of discrete cis-acting determinants. We
provide the first evidence for cell cycle-regulated changes in
the specificity of ORC for chromosomal DNA in any eukar-
yote, and show that these changes do not occur in the TDNA
minichromosome. We propose a model for ORC binding to
non-rDNA chromosomes, in which ORC associates non-spe-
cifically with newly replicated daughter chromosomes
and then re-localizes to preferred initiation sites prior to the
next S phase.
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Results

Isolation of non-rDNA Tetrahymena replicators
Previous transformation studies showed that the 1.9 kb rDNA
5" NTS supports autonomous DNA replication in
Tetrahymena (Pan et al, 1995; Reischmann et al, 1999).
Here, we developed a shuttle assay to isolate functional
replicators that are not amplified (Figure 2A). To assure
that plasmids replicated in Tetrahymena, DNA was isolated
from Tetrahymena transformants and digested with the
methylation-sensitive restriction endonuclease, Dpnl, prior
to re-transforming E. coli. Although plasmid DNA prepared
from dam™* E coli is sensitive to Dpnl, inefficient DNA
methylation in Tetrahymena renders replicated molecules
resistant to cleavage.

An E. coli plasmid library was created from T. thermophila
DNA fragments in the 5-7 kb size range. Pools of 10 colonies
were screened by PCR to eliminate plasmids that contained
the rDNA origin. DNA from 100 rDNA-negative colonies was
co-transformed into the developing macronucleus with plas-
mid AN101, which rearranges into a linear rDNA minichro-
mosome and confers paromomycin resistance. Circular
plasmid DNA was isolated from co-transformants grown en
masse for ~25 generations, digested with Dpnl, and electro-
porated into E. coli. Twelve kanamycin-resistant colonies
were obtained. Two plasmids contained inserts in the
expected size range (Figure 2B), whereas the remaining
plasmids had small inserts and/or lacked adjoining vector
sequences (data not shown). This was not unexpected, as AT
rich Tetrahymena sequences frequently rearrange in
E. coli. The DNA sequences of the two large insert clones
were identical, corresponding to a 6674 bp segment within a
407Kkb  macronuclear chromosome (locus identifier:
CH445556.2, DNA sequence identifier: AAGF01003027;
http://www.ciliate.org).

This plasmid, designated ARS1, was reintroduced into
Tetrahymena and autonomous replication was assessed by
PCR or Southern blotting. In addition to en masse propaga-
tion of co-transformants, clonal lines were grown for 60
generations and assayed for retention of plasmid sequences.
Approximately half (9/16) of the pm" clones stably propa-
gated the vector backbone (PCR assay, data not shown), and
Southern blot analysis of undigested DNA confirmed that the
DNA was extrachromosomal (Figure 2C; ARS1). Further
analysis of restriction digested DNA with an ARS1-specific
probe revealed that plasmid copy number was relatively
constant throughout the duration of the experiment (60
generations), approximating that of the endogenous (45 C)
macronuclear chromosome (Figure 2D).

Similar to the initial library screen, plasmid DNA from
ARS1 Tetrahymena transformants was reintroduced into
E. coli. A mixture of full-length clones and deletion deriva-
tives was obtained. As a control, the empty pCC1FOS vector
and AN101 were co-transformed. Southern blot analysis
failed to detect vector sequences in pm" progeny and kana-
mycin-resistant E. coli clones were not recovered. We con-
clude that ARS1 confers autonomous DNA replication in
Tetrahymena.

ARS1 contains two autonomous replicators
Eukaryotic replication origins generally reside in intergenic
(IG), AT-rich DNA segments and rarely encroach into genes

©2009 European Molecular Biology Organization


http://www.ciliate.org

A ARS1
— + —

¢ E. coli library

ARS1
Tetrahymena TX
ARS1 ARS1 ARS1

) )

L ) \ )

Dpnl* | E coliTx Dpnl®

ARS1 ARS1 ARS1
Dpnl~ Dpnl" Dpnl

B C

(kb) M 12 ARS1 + Nhel2

23.0-‘

9.4-

R .
T

4.3-

D WT ARS1 transformants
Gen: 15 30 45 60
Chr- e P il Sttt e
Plas-

mid

Figure 2 Isolation of non-rDNA replicators. (A) Schematic of the
plasmid shuttle assay used to isolate Tetrahymena ARS1. Dpnl-
sensitive (Dpnl®) plasmids containing T. thermophila genomic DNA
were co-transformed into Tetrahymena. Plasmid DNA from
Tetrahymena transformants was re-introduced into E. coli. ARS-
containing plasmids should be Dpnl-resistant (Dpnl‘) following
replication in Tetrahymena, and can be recovered by re-transform-
ing E. coli. (B) Ethidium bromide negative stain image of BamHI-
digested plasmid DNA from two clones obtained from the plasmid
shuttle assay (Vector: plasmid backbone; Insert: Tetrahymena se-
quences). (C) Southern blot of undigested Tetrahymena genomic
DNA from ‘en masse’ transformations using intact ARS1 or a
derivative containing just the internal Nhel fragment (see
Figure 3A for details on the Nhel2 derivative). DNA was isolated
from pm" co-transformants propagated for 25 generations.
ARSlinput plasmid DNA (+) was used as a Southern blotting
control. Probe: radiolabelled pCC1FOS (no insert). (D) Southern
blot of BamHI-digested DNA from wild type Tetrahymena (WT,
CU428) and ‘en masse’ ARS1 co-transformants propagated for up to
60 generations (gen). Probe: radiolabelled ARSI insert.

(Paixao et al, 2004; Wang et al, 2004). Computer annotation
predicts that ~80% of the cloned ARSI interval encodes two
proteins of unknown function (Figure 3A). Less than half of
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Figure 3 ARS1 deletion mapping. (A) Upper schematic: predicted
genes (arrows) and intergenic (IG-1, IG-2) segments in the chromo-
somal ARS1 interval. The end points of deleted (A) or retained
sequences in ARS1 plasmid derivatives are indicated below.
Asterisks denote fragments that were subcloned into pSMART.
The remaining inserts are in the original pCC1FOS vector backbone.
(B) Southern blot analysis of ARS1 transformants and five of the
seven depicted deletion derivatives. DNA was prepared from ‘en
masse’ co-transformants at defined intervals (generations: gen).
BamHI-digested samples were probed with ARS1 fragments con-
taining just those sequences present in the plasmid under examina-
tion. C: endogenous chromosomal DNA BamHI fragment;
P: plasmid-derived BamHI fragment.

the 600bp intergenic segment, IG-1, resides in the clone,
whereas the entire 1.2 kb IG-2 segment was present. To assess
the functional organization of ARSI, restriction enzymes
were used to generate deletion derivatives or subclone inter-
nal fragments into the smaller pSMART vector (Figure 3A).
Plasmids were co-transformed into Tetrahymena. En masse
cultured co-transformants were propagated and assayed for
the presence of plasmid DNA by Southern blotting.
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Deletion of the internal Nsil or Nhel fragments had no
effect on plasmid DNA replication or long-term maintenance
(Figure 3A and B; ANsil; ANhel). To our surprise, plasmids
containing either the left (NhelL, 1-966) or right (NhelR,
3798-6774) ends of ARS1 were stably propagated in
Tetrahymena. Conversely, internal fragments subcloned into
the pSMART vector backbone failed to support autonomous
DNA replication (Figure 2C, Nhel2; Figure 3B, Nsil2), sug-
gesting that replicator function is sequence-dependent.
A pSMART derivative containing just the IG-2 segment
(NhelR2) was stably maintained, indicating that this vector
backbone does not inhibit DNA replication in Tetrahymena.
We conclude that ARSI contains two autonomous replicators
rather than one, hereafter designated ARS1-A and ARS1-B
(Supplementary Figure S1). An analogous situation has been
documented in the human f-globin locus (Wang et al, 2004).

Deletion mapping of ARS1-A

Approximately 70% ARS1-A (Figure 3A, nt 300-966) is
predicted to encode protein (Tetrahymena Genome
Database gene prediction Therm 00579140). Reverse tran-
scription (RT)-PCR verified that this segment is actively
transcribed. Two DNA intervals were examined, one of
which spans a predicted 40nt intron (Figure 4A). PCR
products of the expected size were detected with cDNA (C)
and genomic DNA (G) prepared from a log phase vegetative
culture, whereas no product was generated from RNA (R)
that was not reverse transcribed. The steady state level of this
transcript was relatively constant across the cell cycle
(Figure 4B), suggesting that transcription factors are consti-
tutively bound to cis-acting regulatory sequences.

To assess whether cis-acting replication determinants re-
side in protein-coding sequence and examine the overall
organization of the ARS1-A replicator, thirteen terminal or
internal deletion derivatives were tested for the ability to
support autonomous DNA replication (Table I). Deleting the
last 166 bp (NhelL-L8; nt 1-800) had no effect on plasmid
propagation; however, removal of an additional 200 bp led to
the failure to support autonomous replication (NhelL-L6; nt
1-600) (Figure 4C). The internal deletion mutant NhelL
A600-800 also failed to replicate (data not shown), indicating
that the protein-coding interval contains at least one func-
tional DNA replication determinant. Internal deletion deriva-
tives, NhelL. A200-400 and NhelL. A400-600, were competent
for plasmid DNA replication and long-term plasmid main-
tenance; however, the NhelL-R8 derivative (A1-200) was not
(data not shown). We conclude that the right and left portions
of ARS1-A contain essential replication determinants. To test
whether essential intergenic (nt 1-200) and coding region (nt
600-800) sequences were interchangeable, a second copy of
the first 200bp was introduced into Nhel-L6. The resulting
plasmid, NhelL-L6/+ 1-200, failed to replicate (data not
shown), indicating that the respective sequences serve dis-
tinct functions.

Overlapping 100 bp deletion derivatives of NhelL-L8 were
examined to further localize replication determinants
(Table I, last six constructs). All three deletions in the
intergenic interval (NheIL-L8 A1-100, NhelL-L8 A50-150,
NhelL-L8 A100-200) failed to support autonomous replication
(data not shown). However, the three deletions in the protein-
coding segment (NhelL-L8 A600-700, NhelL-L8 A650-750,
NhelL-L8 A700-800) behaved differently (Figure 4C). NhelL-
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Figure 4 Deletion mapping of the ARS1-A replicator. (A) RT-PCR
analysis of the ARS1-A interval. The diagram shows the relative
positions of forward (F1, F4) and reverse complementary (R2-R6)
primers, intron 1, and start (ATG) and stop (TGA) codons in the
predicted gene. PCRs were performed on genomic DNA (G), reverse
transcribed RNA (cDNA, C) and total RNA (R). A negative image
of the ethidium bromide-stained gel is shown. (B) Lower panel:
RT-PCR analysis of RNA from cells synchronized by centrifugal
elutriation (RT primer R6, PCR primers F4 and R5). Log: RNA from
an asynchronous cell culture. Upper panel: flow cytometry profile of
elutriated cells at defined culturing intervals (min). (C) Southern
blot analysis of NhelL-L8 and NhelL-L6 transformants, and three of
the six tested NhelL-L8 deletion derivatives (see Table I). DNA was
prepared from pm" ‘en masse’ ARS1 co-transformants at defined
intervals (generations: gen). BarmHI-digested DNA was probed with
ARS1 fragments containing just those sequences present in
the plasmid under examination. Arrow: plasmid-derived ARS1A
fragment.
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Table I Deletion mapping of the ARS1-A replicator
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ARS1-A derivative Position Replication competence® Schematic depiction
NhelL (TtARS1-A) 1-966 Yes N
Nhell-L8 1-800 Yes G
NhelL-R8 200-966 No S
NhellL-L6 1-600 No G

NhelL. A200-400 1-200/400-966 Yes D G
NhelL A400-600 1-400/600-966 Yes G CGEEES
NhelL. A600-800 1-600/800-966 No G -
NhelL-L8 A1-100 100-800 No I
NhelL-L8 A50-150 1-50/150-800 No - G
NhelL-L8 A100-200 1-100/200-800 No D IS
NhelL-L8 A600-700 1-600/700-800 No G G
NhelL-L8 A650-750 1-650/750-800 Yes/Unstable G
NhelL-L8 A700-800 1-700 Yes [ ]

?As determined by Southern blot analysis of total genomic DNA from Tetrahymena co-transformants, or re-transformation of E. coli with Dpnl-

digested DNA prepared from Tetrahymena co-transformants.

L8 A700-800 was maintained at a constant level, whereas
NhelL-L8 A650-750 initially replicated, but was lost during
vegetative propagation. NhelL-L8 A600-700 failed to support
autonomous DNA replication, indicating that it contains an
essential cis-acting replication determinant. We conclude that
ARSI1-A contains dispersed essential and non-essential repli-
cation determinants.

Bioinformatic analysis of ARS1-A and ARS1-B
replicators
A distinguishing feature of the rDNA replicator is the pre-
sence of two reiterated regulatory sequences that participate
in origin activation—the type I and PSE element (Figure 1A)
(Gallagher and Blackburn, 1998; Reischmann et al, 1999;
Saha et al, 2001; TL Morrison and GM Kapler, unpublished
results). Type I elements form Watson-Crick base pair inter-
actions with the ORC RNA subunit (26T RNA) which targets
ORC to this origin (Mohammad et al, 2007). Biochemical data
indicate that 26T RNA is an integral component of all ORC
complexes. Significant base pairing potential between 26T
RNA and DNA sequences in the ARS1-A or ARS1-B intervals
was not detected.

rDNA origin- and promoter-proximal type I and PSE ele-
ments function as in vivo binding sites for the non-ORC
protein, TIF1p (Saha et al, 2001). As both sequences are
absent from ARSI1-A and ARS1-B, we predicted that TIFlp
would not associate with these DNA segments. Chromatin
immunoprecipitation (ChIP) analysis with a TIF1 peptide
antibody supported this prediction (Supplementary
Figure S2). These data and results from experiments de-
scribed below suggest that 26T RNA does not target ORC to
the ARS1-A and ARSI1-B origins.

To look for shared motifs in ARS1-A and ARSI1-B, or
similarity with other sequences in the rDNA replication

©2009 European Molecular Biology Organization

origin, the three replicators were subjected to pairwise ana-
lysis using BLAST, CLUSTALW and LALIGN. Short dispersed
blocks of sequence identity were detected in each analysis,
consisting of ATrich sequences 7-10bp in length
(Supplementary Figure S3). No DNA motifs were present in
all three replicators. Pairwise analysis of ARS1-A or ARS1-B
with two arbitrarily chosen intergenic sequences produced
matches of similar length. Thus, compelling evidence for
sequence conservation was lacking.

ORC targeting to rDNA and non-rDNA macronuclear
chromosomes
The ability of ARS1-A and ARSI1-B to support episomal DNA
replication suggests that ORC is recruited to these sites in
endogenous macronuclear chromosomes. To address this
prediction, chromatin ChIP was performed with epitope-
tagged Orclp across a 60 kb segment spanning the endogen-
ous ARS1 chromosomal locus (Figure 5B, schematic). Control
reactions on rDNA origin (O), promoter (P) and coding (C)
sequences produced the expected results: Orclp bound the
rDNA origin and did not associate with other segments in the
rDNA minichromosome (Figure 5A). Identical results were
obtained for chromatin from an asynchronous logarithmic
vegetative culture or Go/G; cells synchronized by starvation.
ChIP analysis of the ARSl-containing chromosome
produced very different results (Figure 5B). All examined
intervals were enriched in the Orclp immunoprecipitate
for chromatin prepared from the asynchronous vegetative
culture. The tested segments consisted of ARS1-A, ARS1-B
and seven randomly chosen coding and non-coding se-
quences spanning 60kb. In contrast, only the ARS1-A A6
segment was enriched in starvation-induced G,/G; chromatin
immunoprecipitates (Figure 5B).
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Figure 5 ORC targeting to rDNA and non-rDNA replicators. (A) Orclp ChIP analysis of the rDNA domain 1 origin (O), promoter (P) and coding
(C) regions. ChIP was performed on T. thermophila strain TD102 using an antibody directed against the protein A IgG-binding epitope-tag in
Orclp. I: total input DNA; (—): no antibody ChIP control; (+): Orclp ChIP pellet. (B) Orclp ChIP analysis of the 60 kb segment spanning ARS1
in the endogenous macronuclear chromosome (strain TD102). PCR products derived from primer sets Al to A12 are spaced at ~5Kkb intervals.
(C, D) Streptavidin (SA) chromatin pull-down analysis of IDNA and ARS1 chromosome intervals. Strain MM201 produces a 26T RNA variant
that bears a sequence tag extension (Ext), whereas MM202 expresses an aptamer-tagged (Apt) 26T RNA derivative that binds to streptavidin.
[: total input DNA; (—) uncoupled sepharose chromatin pull-down pellet, (+ ): SA-sepharose chromatin pull-down pellet. (E) ChIP analysis of

the ARSI interval with Tetrahymena Mcm6p antibodies.

To verify that we were studying in vivo binding of the ORC
holocomplex and not just Orclp, chromatin pull-down assays
were performed with 26T RNA derivatives that contained a
5’ sequence extension (26T-Ext) or an aptamer sequence tag
(26T-Apt), the later of which confers binding to streptavidin
(SA) (Srisawat and Engelke, 2002). As reported earlier
(Mohammad et al, 2007), the rDNA origin region was selec-
tively enriched in the SA-sepharose pull-down fraction in cells
expressing the aptamer-tagged 26T RNA (Figure 5C). rRNA
promoter and coding sequences were not enriched in chro-
matin pull-downs from log phase and starved cultures (com-
pare 26T-Apt to 26T-Ext controls).

In contrast, all nine tested segments in the 60kb ARSI
interval were enriched in chromatin pull downs in asynchro-
nous log phase cells expressing aptamer-tagged 26T RNA, but
not the 26T-Ext variant (Figure 5D and data not shown).
Moreover, the aptamer-tagged RNA associated with just the
ARS1-A AG fragment in chromatin prepared from Gy/G,
synchronized cells. We conclude that 26T RNA is a compo-
nent of non-rDNA origin binding ORC complexes. The differ-
ential binding of ORC to non-rDNA chromosomes in log
phase and starved cells cannot be attributed to the presence
or absence of 26T RNA.

Starvation not only synchronizes the vegetative cell cycle,
it prepares Tetrahymena for conjugation and the associated
DNA replication programme. To ask whether Orclp binding
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to non-rDNA chromosomes is cell cycle regulated, centrifugal
elutriation was used to obtain a highly enriched population of
G; phase cells to examine ORC regulation in an unperturbed
cell cycle (Figure 6A; see Supplementary Figures S4 and S6
for Omin time points). Cell cycle-dependent changes in the
abundance of Orclp were observed, including a precipitous
drop in Orclp levels during S phase (Supplementary Figure
S4), analogous to mammalian and Drosophila Orclp (Mendez
et al, 2002; Araki et al, 2003).

Similar to starvation-synchronized chromatin, Orclp selec-
tively associated with the ARS1-A origin in elutriated G;/
early S phase cells (Figure 6B, 30min, A6 region;
Supplementary Figure S6B, 0 and 30min). ARS1-A enrich-
ment was lost as cells progressed through S phase, when
Orclp levels decline (Figure 6B, 60 and 90min). Newly
synthesized Orclp was detected for all nine ARS1 region
probes in G, phase cells, showing no preference for the A6
fragment (Figure 6B, 120 and 150min). We conclude that
ORC binding to the non-rDNA ARSI chromosomal interval is
dynamically regulated across the cell cycle. ORC appears to
be stochastically deposited onto the newly replicated chro-
mosome, and re-localize to the ARS1-A region prior to the
next S phase.

As ARSI1-B supported episomal DNA replication, but was
not bound by Orclp when pre-RCs assemble on the endo-
genous chromosome, this segment does not appear to
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Figure 6 Cell cycle-regulated ORC binding to the ARS1-A chromosomal locus. A log phase Tetrahymena culture was subjected to centrifugal
elutriation. The G; fraction was further cultured and samples harvested at defined intervals (min) for western blotting of Orclp (Supplementary
Figure S4), flow cytometry and ChIP. (A) Flow cytometry profiles of re-fed cultures (the left line demarcates the G; propidium iodide (PI) peak,
and the right line marks the G, peak). (B) Orclp cell cycle ChIP analysis (see Figure 5B for PCR primers locations). I: input; (—): no antibody
ChIP pellet; (+): Orclp ChIP pellet. (C) Orclp ChIP analysis of the rDNA origin (O), promoter (P) and rRNA coding (C) regions (see Figure SA

schematic).

function as a replicator in its normal chromosomal context.
Alternatively, the site for ORC binding might have been distal
to the PCR primers used in the initial analysis. To address this
concern, immunoprecipitated chromatin from the G; and G,
phase cells was subjected to PCR with five ARS1-B primer
sets spanning a 2.1 kb interval (Supplementary Figure S5A).
Products were detected for all primer sets in G, phase
chromatin; however, none of these segments was enriched
in G; preparations (Supplementary Figure S5B). In a compar-
able analysis of the ARS1-A interval, three consecutive pri-
mer sets were amplified in immunoprecipitated G; phase
chromatin. Thus, the ARS1-A locus is the preferred site for
ORC binding in the endogenous macronuclear chromosome.

Cell cycle ChIP analysis of the rDNA minichromosome
revealed origin-specific Orclp binding only, analogous to
log phase and starve vegetative cultures (Figure 6C). Origin
binding was detected in G; and early S phase cells
(T=30min) and disappeared later in S phase (T=60min),
concurrent with the decline in Orclp protein levels. In con-
trast to the ARS1 chromosome, subsequent rebinding of
Orclp to rDNA chromatin was restricted to the origin region
(T=150min). The collective results indicate that ORC target-
ing to rDNA and non-rDNA origins occurs by different
mechanisms.

The MCM complex is selectively targeted to the ARS1-A
region

To address whether ARS1-A functions as an initiation site in
the endogenous chromosome, we examined the association
of Mcm6p, a component of the pre-RC that is recruited by
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ORC and subsequently moves with the replication fork
(reviewed in Bell and Dutta, 2002). ChIP analysis was per-
formed for the entire 60 kb ARS1 interval and at multiple sites
proximal to the ARS1-A replicator. Similar to Orclp, Mcm6p
immunoprecipitates were enriched for just the ARS1-A region
in G, phase cells synchronized by starvation (Figure SE,
Supplementary Figure S5C) or centrifugal elutriation
(Supplementary Figure S6A). Like Orclp, no DNA binding
was detected in log phase cultures or synchronized S phase
cells. However, although Orclp was distributed throughout
the 60 kb ARS1 interval in G, phase cells, no Mcmé6 binding
was observed at this time. We conclude that ARS1-A is the
preferred site for ordered assembly of pre-RC components in
the endogenous macronuclear chromosome.

Discussion

Biochemical and genetic studies have documented several
distinct mechanisms for targeting ORC to replication initia-
tion sites. They include sequence-specific DNA recognition
(S. cerevisiae) (Marahrens and Stillman, 1992), non-specific
binding of ORC to degenerate AT-rich sequences (S. pombe,
Drosophila, humans) (Kong and DePamphilis, 2001; Vashee
et al, 2003; Remus et al, 2004), and tethering of ORC to
sequence-specific DNA-binding proteins (Drosophila, rat and
humans) (Beall et al, 2002; Minami et al, 2006; Thomae et al,
2008). In the case of Epstein-Barr virus, G-rich RNAs have
been recently shown to form a bridge between ORC and
EBNALI, the later of which recognizes reiterated sequences
at the viral origin (Norseen et al, 2008).
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We previously discovered a direct role for RNA in origin
recognition. Tetrahymena ORC contains a novel, integral RNA
subunit, 26T RNA, that forms Watson-Crick base pairs with
complementary sequences at the ribosomal DNA replication
origin (Mohammad et al, 2007). Just as type I elements
mutations in the rDNA diminish origin utilization (Larson
et al, 1986; Yaeger et al, 1989; Gallagher and Blackburn,
1998), so do mutations in 26T RNA that disrupt base pairing
interactions (Mohammad et al, 2007). While this RNA may
play a role in the selective amplification of rDNA molecules
during development, it is also present in ORC complexes
during the vegetative cell cycle, when rDNA and non-rDNA
origins are coordinately regulated.

These findings prompted us to ask whether ORC is
recruited to rfDNA and non-rDNA origins by a common
mechanism, and whether Tetrahymena replicators contain
conserved cis-acting determinants, analogous to the
S. cerervisiae ARS consensus sequence (Lee and Bell, 1997;
Wyrick et al, 2001; Nieduszynski et al, 2006). To this end, we
isolated and characterized two ARS elements derived
from chromosomes that are not amplified during develop-
ment. We found no evidence for sequence conservation
between rDNA, ARS1-A and ARS1-B replicators. More
importantly, we discovered intrinsic differences in the
association of ORC with rDNA and non-rDNA chromosomes
as cells progressed through the cell cycle. Whereas ORC
binds exclusively to the rDNA origin, it associates in an
apparently random, non-specific manner to newly replicated
non-rDNA chromosomes, and is subsequently re-localized
to a preferred site prior to the next S phase. To the best of
our knowledge, this is the first demonstration that the
specificity of ORC for DNA changes across the cell cycle.
We speculate that intrinsic differences in ORC binding
to rDNA and non-tTDNA chromosomes contribute to
the differential regulation of replication origins during
development.

Organization of ARS1 replicators

ARS assays have been used to study the cis- and trans-acting
requirements for origin activation in S. cerevisiae and
S. pombe (reviewed in Cvetic and Walter, 2005). Although
this approach has been used to enrich for metazoan replica-
tors (Gerhardt et al, 2006), further genetic dissection has not
been possible due to high plasmid loss rates. Stable ARS
activity was previously reported for Tetrahymena rDNA
plasmids that contain two tandem copies of the 1.9kb 5
NTS (Pan et al, 1995). However, this configuration is poorly
suited for functional studies of cis-acting replication determi-
nants, as these plasmids recombine freely, generating mole-
cules with up to 20 tandem 5 NTS copies. In contrast, the
non-rDNA ARS1 episome described here does not oligomer-
ize and is stably maintained at a copy number equivalent to
the macronuclear chromosome of origin (~45 C). These
attributes allowed us to examine the cis-acting requirements
for origin function.

Our initial experiments uncovered the presence of two
independent replicators rather than one. Although this situa-
tion is thought to be uncommon, it is not without precedent.
Using site-specific recombination to integrate human p-globin
locus derivatives into the same ectopic site, Aladjem and co-
workers identified two closely spaced replicators (Wang et al,
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2004). Nascent strand PCR analysis of the wild type B-globin
locus revealed a relatively broad (>4kb) initiation zone,
suggesting that both replicators may function in the endo-
genous human chromosome.

By analogy, the Tetrahymena ARS1-A and ARS1-B seg-
ments contain sufficient sequence information to support
autonomous DNA replication. However, ChIP analysis with
Orclp and Mcmo6p antibodies indicate that ARS1-A is the
preferred site for pre-RC assembly in the endogenous macro-
nuclear chromosome. ORC binding was restricted to the
ARS1-A region in G; and early S phase cells. Thus the
ARS1-B replicator appears to be dormant under normal
physiological conditions. This result came as a surprise
since ARS1-B is entirely intergenic and ~70% of ARS1-A
codes for protein.

Analysis of the Drosophila chorion gene amplicon (DAF-
66D) revealed that dispersed cis-acting replication determi-
nants can span several genes. Like most characterized repli-
cons, cis-acting regulatory sequences and replication
initiation sites map to intergenic DNA segments (reviewed
in Tower, 2004). Whereas transcription has also been shown
to inhibit replication initiation in protein-coding regions
(Saha et al, 2004), this does not appear to be the case in
Tetrahymena, as the ARSI1-A gene is constitutively tran-
scribed. Intragenic replication initiation was first described
for the Syrian hamster CAD locus (Kelly et al, 1995), how-
ever, the cis-acting requirements for activation of this origin
are not known. Essential replication determinants in the
human B-globin and lamin B2 genes map to an intron and
the 3’ untranslated region, respectively (Paixdo et al, 2004;
Wang et al, 2004). By comparison, two of the three essential
replication determinants in Tetrahymena ARS1-A reside in
protein-coding sequence. To our knowledge, this constitutes
the first example in which protein-coding DNA has been
shown to further function as a cis-acting DNA replication
determinant.

The organization of ARS1-A resembles metazoan replica-
tors (reviewed in Aladjem and Fanning, 2004), in that it is
comprised of unique, dispersed replication determinants.
Two of the three regulatory sequences are absolutely required
for episomal DNA replication, and might serve as binding
sites for ORC or other factors that recruit ORC to the DNA.
We speculate that the non-essential determinant is dispensa-
ble for plasmid re-replication during macronuclear develop-
ment, as the initial copy number of the NhelL8 A650-750
mutant derivative was comparable to the endogenous macro-
nuclear chromosome (~45 C). The gradual loss of this
plasmid is reminiscent of B3 element deletion derivatives of
S. cerevisiae ARS1 (Marahrens and Stillman, 1992). In this
example, ABF1 binding to the B3 element prevents nucleo-
somes from encroaching on the ORC-binding site (Lipford
and Bell, 2001).

Although it seems unlikely that transcription factors as-
sociate with ARS1-A protein-coding sequence, non-coding
replication determinants in ARS1-A could function in this
way. By analogy, the 5’ border of the nucleosome-free rDNA
domains 1 and 2 contains a reiterated DNA sequence, the
pause site element (PSE), which facilitates origin activation
(Figure 1A) (Saha et al, 2001; TL Morrison and GM Kapler,
unpublished results). Furthermore, the promoter-proximal,
rmm8 mutation diminishes activation of origins up to ~1kb
upstream, and induces a change in chromatin structure at the
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distal Domain 1 and Domain 2 origins (Gallagher and
Blackburn, 1998).

ORC targeting to rDNA and non-rDNA replication
origins

The most intriguing and unprecedented finding from this
study is the dynamic cell cycle-regulated change in ORC
binding to non-rDNA chromosomes. The rDNA minichromo-
some behaved as expected: ChIP analysis with epitope-tagged
Orclp and chromatin pull downs with aptamer-tagged 26T
RNA revealed that ORC associates with origin sequences and
is excluded from the remainder of the 21 kb rDNA minichro-
mosome (Mohammad et al, 2007; this study). Although the
mechanism for sequence-specific recognition differs from
S. cerevisiae, the TtORC-rDNA interaction is functionally
equivalent to ScORC binding to the yeast ARS1 origin
(Diffley and Cocker, 1992; Lee and Bell, 1997).

A similar analysis of the Tetrahymena ARS1 chromosome
generated completely different profiles when an asynchro-
nous vegetative (log phase) population or synchronized G,
phase cells were examined. ORC bound to all 17 tested DNA
segments in a 60kb interval, only three of which span the
ARS1-A replicator (Figures 5 and 6, Supplementary Figures
S4-56). This apparent lack of specificity cannot be attributed
to the absence of 26T RNA, as Orclp ChIP and 26T RNA pull
down assays generated the same results (Figure 5). The
stochastic distribution of Tetrahymena ORC is reminiscent
of ORC binding to S. pombe chromosomes (Dai et al, 2005).
However, specificity is ultimately achieved in Tetrahymena at
the time of pre-RC assembly, when ORC binding to the non-
rDNA ARS1 chromosome is restricted to the ARS1-A locus.
This newly gained specificity cannot be attributed to
sequence-specific RNA-DNA interactions with 26T RNA, as
ARS1-A lacks complementarity to this species. The collective
data support a model in which rDNA and non-rDNA replica-
tors are recognized by different mechanisms.
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We first consider the rDNA minichromosome (Figure 7A).
ORC binding to this origin is mediated in part by 26T RNA-
rDNA interactions. Origin activation during S phase results in
the turnover of Orclp (Supplementary Figure S4), analogous
to mammals and Drosophila (Mendez et al, 2002; AraKi et al,
2003). As the distribution of Orclp on the rDNA does not
change following de novo synthesis of Orclp in late G, and
Gy, we speculate that other ORC subunits may not be
displaced from the rDNA origin during S phase. If true, they
could mark the site for new ORC-DNA complex assembly.
Re-formation of holocomplexes in late G,/G; would then
allow for the recruitment of other pre-RC components to
rDNA replication origins.

The association of ORC with non-rDNA chromosomes is
much more dynamic, oscillating between sequence-specific
and non-specific interactions (Figure 7B). Sequence-specifi-
city is restricted to G; and early S phase, when pre-RCs are
assembled and activated. As this interaction is not mediated
by base pairing with 26T RNA, it may be inherently less
stable than the ORC-rDNA interaction. We speculate that the
entire complex dissociates from non-rDNA origins once
Orclp is degraded. In support of this, ORC was distributed
throughout the 60 kb ARS1 chromosomal interval in G, phase
cells. As cells entered G, in preparation for DNA replication,
ORC was ‘re-focused’ to a preferred site (ARS1-A). Re-locali-
zation could be mediated by other DNA-binding proteins that
interact with ORC, analogous to the Drosophila Myb-MuvB
complex and rat AIF-2 (Beall et al, 2002; Minami et al, 2006),
post-translational modification of ORC proteins, or epigenetic
changes in chromatin structure (reviewed in Antequera,
2004). As 26T RNA is present in all ORC complexes
(Mohammad et al, 2007), it could form a bridge between
ORC and sequence-specific DNA-binding proteins, analogous
to the situation in Epstein-Barr virus (Norseen et al, 2008).

Prior studies in Drosophila and Xenopus document an
increase in the density of chromosomal replication origins
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Figure 7 Model for ORC binding to rDNA and non-rDNA chromosomes. (A) ORC binding to the rDNA is restricted to the origin region, and
occurs throughout the cell cycle due to RNA-DNA base pairing interactions between 26T RNA and rDNA origin type I element (T-rich strand).
Degradation of Orclp generates a sub-complex that remains bound to the origin. (B) ORC binding to non-rDNA replicators is independent
26T-RNA/DNA base pairing and is cell cycle regulated. In this case, the entire ORC complex dissociates from the origin upon Orclp
degradation. The holocomplex randomly binds newly synthesized daughter chromosomes and re-localizes to the preferred initiation site prior

to the next S phase.
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in early stage embryos compared to later developmental
stages or adult tissues (Blumenthal et al, 1974; Hyrien et al,
1996; Lemaitre et al, 2005). This difference is presumed to
reflect dynamic changes in the concentration and/or distribu-
tion of chromatin-associated replication initiation factors. In
the work presented here, we show that the distribution of
ORC changes within each cell cycle. We speculate that a
similar process might occur in broad replication initiation
zones in metazoan chromosomes (reviewed in Aladjem and
Fanning, 2004). Accordingly, ORC would be deposited ‘lo-
cally’ onto newly replicated chromosomes and subsequently
targeted to preferred initiation sites. Of relevance to this
possibility, a recent study showed that in response to DNA
stress, Chinese hamster fibroblasts activate cryptic origins
within broad initiation zones. When the source of stress is
removed a hierarchical pattern of origin usage is re-estab-
lished (Courbet et al, 2008). For this change to occur, cells
must progress through S phase. Thus, origin choice in
distantly related eukaryotes, such as Tetrahymena and mam-
mals, is under cell cycle control.

Materials and methods

Library construction, macronuclear DNA transformation

and propagation of Tetrahymena transformants

Fragmented Tetrahymena thermophila genomic DNA (size range
5-7kb) was cloned into the Eco72I site of pCCI1FOS (Lucigen
Corporation, Middleton, WI). PCR was used to identify small
plasmid DNA pools devoid of rDNA origin sequence. DNA was
introduced into the macronucleus of mating Tetrahymena strains
(CU427 and CUA428) by bioballistic bombardment using a Bio-Rad
PDS-1000 apparatus outfitted with a hepta adapter (Bio-Rad
Laboratories, Hercules, CA) (Bruns and Cassidy-Hanley, 2000).
Circular plasmid DNAs (35ug of pCC1FOS non-rDNA libraries or
ARS1 derivatives) were co-transformed with the pm" rDNA
rearrangement vector, AN101 (Saha et al, 2001). Serial dilutions
were used to determine transformation efficiency and establish
clonal lines. Transformants (with or without cloning) were
propagated to assess plasmid stability. Replication in Tetrahymena
was initially assessed in a plasmid shuttle assay as follows.
Genomic DNA was prepared from a 50ml ‘en masse’ co-
transformant Tetrahymena culture. Plasmid DNA was purified on
a Qiagen midiprep column, digested with the methylation-sensitive
enzyme, Dpnl, re-transformed into E. coli EpiMax 300 cells
(Epicentre Biotechnologies, Madison, WI), and sequenced. ARS1
deletion derivatives were generated by restriction digestion and
re-circularization, or subcloned into the low copy number vector
PSMART to minimize DNA rearrangement.
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