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ABSTRACT
The macronucleus of the ciliated protozoan Euplotes eurystomus contains about 106 copies of a single
type of 5S ribosomal RNA gene. This 5S gene DNA is only 930 bp long, is flanked by telomeres,
and contains a single coding region of 120 bp which serves as a template for transcription in vivo
and in vitro. The 5S gene minichromatin possesses four positioned nucleosomes and hypersensitive
cleavage sites in the telomeric regions.

INTRODUCTION
The macronuclear minichromosomes of hypotrichous ciliated protozoa (e.g., Euplotes,
Oxytricha, Stylonychia, Onychodromus) represent unique systems for fundamental studies
of eukaryotic gene and chromatin structure. The macronucleus consists of linear DNA
ranging in size from 400 to 20,000 bp and is the site of most nuclear RNA synthesis;
the micronucleus contains high molecular weight DNA and functions as the germ line (1).
Native macronuclear chromatin is soluble in low ionic strength buffers without nuclease
treatment (2), and specific genes can be enriched as native intact chromatin structures (3).
Each macronuclear DNA molecule is bounded by telomeres (4) and is believed to represent
a single coding function plus regulatory information required for transcription and replication
(for review, see 1). Euplotes macronuclear chromatin is composed of nucleosomes
containing the four core histones and HI plus nonhistone chromosomal proteins (2,3).
In most of its properties it is typical of eukaryotic chromatin, with the exceptions of its
low molecular weight and high solubility.

The mechanism of transcriptional regulation of the 5S ribosomal RNA gene is probably
better understood than for any other eukaryotic gene (5,6). The transcription factor, TFHIA,
was the first eukaryotic transcription factor to be purified (7,8). ThillA binds to a promotor
within the 5S RNA coding region (9-11) and positively regulates its expression (12,13).
The first 281 amino acids of TFIRA contain nine repeats of a conserved 30 amino acid
sequence which are basic and thought to fold into finger-like projections upon complex
formation with Zn+2 (14,15). Detailed footprint analysis showed that these projections
interact with the major groove of the internal promotor on one face of the double helix
(16). In addition to TFmA, two other transcription factors, TFIIIC and TFIHB, are also
required for 5S RNA gene transcription. These three factors cooperatively bind to a 5S
RNA gene with 1:1 stoichiometry resulting in a stable transcription complex, requiring
only RNA polymerase III and rNTPs for activity (17-19). In eukaryotes, transcription
complexes are believed to direct RNA polymerase to the relevant regulatory regions of
the genome (20).
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This report is the only detailed analysis of a hypotrich 5S RNA gene, and describes
the first complete DNA and chromatin structure to be established in Euplotes.

MATERIALS AND METHODS
Euplotes Cell Culture
Stock cultures of Euplotes eurystomus were obtained from Carolina Biological Supply
Company and maintained in 150X 15 mm culture dishes containing 6 - 7 previously boiled
wheat seeds in Carolina Spring-water. Large-scale cultures of Euplotes were grown in
trays containing 3 liters of Pringsheim salt solution as described by Cadilla et al. (2). The
cells were fed three times weekly with live algae, Chlorogonium elongatum, grown in
a medium consisting of 2.67 g/L yeast extract and 1.33 g/L anhydrous sodium acetate.
Algae were harvested and resuspended in Pringsheim solution before being presented to
Euplotes. The Chlorogonium strain was kindly provided by David Prescott (University
of Colorado, Boulder).
Macronuclear DNA Preparation
Euplotes macronuclear DNA was isolated by a modification of Swanton's procedure (21).
Euplotes were starved for 2 - 3 days to reduce algae and were concentrated by filtration
over a nylon screen. Cells were pelleted from the concentrated suspension by centrifugation
at 250 xg for 5 minutes at 4°C. The cells were lysed by resuspension in ice-cold 10 mM
Tris HC1, 0.01% (w/v) spermidine phosphate, 0.5% (v/v) triton X-100 (pH 6.8).
Macronuclei were isolated from the cell lysate by two cycles of sedimentation through
40% (w/v) sucrose in the above cell lysis buffer at 250xg for 5 minutes at 4°C. Macronuclei
were lysed by resuspension in ice-cold 0.1 M EDTA, 0.25 M NaCl, 10 mM Tris HC1,
0.5% (w/v) sodium sarcosine (pH 8.0). The nuclear lysate was clarified by centrifugation
and proteinase K (Boehringer Mannheim) was added to the supernatant at 1 mg/ml. The
mixture was incubated at 50°C for 12 hours. Afterwards, the macronuclear DNA was
purified by cesium chloride gradient centrifugation in a Ti60 rotor at 35,000 rpm for 48
hours at 20°C. The DNA was then dialyzed and precipitated with ethanol.
Cloning
A library of Euplotes macronuclear DNA was prepared in the plasmid vector pUC9
essentially as described by Swanton et al. (21). Briefly, the 3' termini of macronuclear
DNA were extended with poly(dC) using terminal deoxynucleotidyl transferase (BRL) and
this DNA was annealed to pUC9 which had been linearized with Pst I and similarly tailed
with poly(dG). These recombinant plasmids were introduced into competent E. coli DH5
cells (BRL) according to the manufacturer's instructions. Transformed cells were plated
on LB-agar containing 100 /ig/ml ampicillin. Colonies were replica plated onto nitrocellulose
disks (Schleicher and Schuell) and the library was screened by hybridization with the nick
translated 5S RNA gene of Tetrahymena thermophila, generously provided by D. S.
Pederson (22).
Blotting and Hybridization
Colony transfers and nucleic acid blots were all performed using standard techniques. All
hybridizations were in 5 X SSC; 50 mM NaH2PO4; 0.25 mg/ml sheared, denatured salmon
sperm DNA; 10 /ig/ml polyadenylate; 1 x Denhardt's solution; 50% (v/v) formamide (pH
6.8). The 5S RNA gene probe from Tetrahymena was used at a concentration of 107

cpm/ml and washed with 6X SSC, 0.1 % (w/v) SDS at 42°C. The Euplotes 5S RNA gene
probe was used at 106 cpm/ml and washed with 0.1 XSSC, 0.1% (w/v) SDS at 65°C.
Detection was with Kodak XAR-5 film.
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DNA Sequence Analysis
For sequence analysis, a Euplotes 5S RNA gene insert was retrieved from the pUC vector
by Pst I digestion and subcloned into the Pst I sites of M13mpl8 and M13mpl9. M13
subclones were propagated in E. coli JM107. Restriction enzymes which cleaved both
the insert and the polylinker once were used to excise fragments of the insert, allowing
sequencing to initiate at restriction enzyme sites within the insert. The DNA sequence
was determined by the dideoxy technique essentially according to protocols in the BRL
M13 Cloning/Dideoxy Sequencing Manual. DNA sequencing reaction products were
analyzed by high resolution denaturing polyacrylamide gel electrophoresis using a Poker
Face DNA Sequencer apparatus manufactured by Hoefer. Both DNA strands were
sequenced twice with overlap between adjacent start sites.
Nucleosome Mapping
For the nucleosome mapping experiments, macronuclei were purified by metrizamide
density gradient centrifugation as previously described (2). Nuclei were washed several
times to remove metrizamide and were resuspended at a final concentration of ~ 2 x 106

nuclei/ml in the buffer appropriate for each cleavage reagent. Micrococcal nuclease
(Boehringer Mannheim) was used at 30 units/ml in 10 mM Pipes, 1 mM CaCl2 (pH 7.0)
at 37°C. At various times, reaction aliquots were removed and quenched with 2 mM EDTA.
DNAse I (Sigma) was used at 0 .5-10 units/ml in 60 mM KC1, 15 mM NaCl, 15 mM
Tris HC1, 0.25 M sucrose, 0.5 mM DTT, 3 mM MgCl2, 0.05 mM CaCl2 (pH 7.4) at
25 °C. The reaction was terminated after 3 minutes by addition of EDTA to 20 mM and
SDS to 0.1% (w/v). Methidiumpropyl-EDTA Fe(H), MPEFe(II), MPE kindly provided
by Peter Dervan, was used at 5 \tM in 15 mM Tris HC1, 15 mM NaCl, 60 mM KC1, 0.25
M sucrose, 5 \LM (NH4)2Fe(SO4)2, 0.5 mM H2O2, 2 mM DTT (pH 7.4) at 25°C as
described by Cartwright et al. (23,24). At various times reaction aliquots were quenched
by addition of bathophenanthroline disulfonate to 6 mM. Immediately after a digestion
was terminated, the DNA was precipitated with ethanol. DNAs were resuspended in 50
\A TE and purified by treatment with 20 ng/wl RNAse A at 65 °C for 10 minutes followed
by addition of 150 /d of a solution containing 0.5 mg/ml proteinase K in 0.1 M EDTA,
0.25 M NaCl, 10 mM Tris HC1, 0.5% SDS (pH 8.0) and incubation at 50°C for 1 hour.
Afterwards, the DNA was extracted with phenol:chloroform:isoamyl alcohol at 25:24:1
and precipitated again with ethanol. As a control for the nucleosome mapping experiment,
naked DNA was treated with 1 unit/ml rnicrococcai nuclease, 0.1-1.0 units/ml DNAse
I, or 20 iiM MPE Fe(H) in the appropriate buffer and subsequendy purified. The digestion
products from macronuclei and naked DNA were electrophoresed through 1 % agarose
gels, transferred to nylon by the Southern technique, and analyzed by indirect end-labelling.
Synthetic oligonucleotides 30 bases in length were prepared using an Applied Biosystems
DNA Synthesizer and were 5' end-labelled for use as hybridization probes.
In Vitro Transcription

To assay the transcription of the Euplotes 5S RNA gene in vitro, a soluble, cell-free extract
of Xenopus laevis oocyte nuclei (GV supernatant) was prepared exactly as described by
Birkenmeier et al. (25). The standard transcription reaction mixture was prepared by mixing
10 /il of GV supernatant with 2 /d J buffer [70 mM NH4CI, 7 mM MgCl2, 0.1 mM EDTA,
2.5 mM DTT, 10% (v/v) glycerol, 10 mM Hepes (pH 7.4)] containing 30 units RNasin
(Promega Biotec), 2 /d of a mix of nucleoside triphosphates [final concentration = 0.5
mM ATP, CTP, and UTP; 25 (iM GTP and 10 fiCi radioactive [a32p]-GTP, specific
activity = 2000 Ci/mmol (New England Nuclear)], DNA in 1 /d J buffer, and in some

4701



Nucleic Acids Research

-235 51 CCAAAACCCCAAMCCCCMMCCCCAAAACCCCMAACCCCAAC

-190 TCACAACTAAACACTTGAATTCACATATAACTATTATAATTCACCAATCTCACATTTACC

-130 CAATTATAAATCCACATCCACTACACCATCCCCAACCCTAACTAAACCGTTTTTCAAACA

-70 CTCCACACATCTTTTCCCTCACTTCCATTTTACCTCTTCACTATATAAACACTCCCCTTA

-10 CTATAATTATCCCTATCCCCCATACTAACCCAAATCCACCGCATCCCTTCCCAACTCCCA

50 AGTTAACCCCTTTAACCCCTCTTAACTACTCACCTCaXCACCACTCCCCAACTTCACCT

110 CCTCATACCTTTTTCCTCCTCAACCTATCTTTTTCCACTCTTTCTTTTTATCTATCCACC

170 CTTCACTACTTCTCACACTATCCACCTTCCCCACTTTTTCTTTCCTCCTCCTTCCCATAA

230 TCCAAAATCATCCTTCTTTCTCATAAAATACAAAACAAAATCCCTACTACAATCTTCACA

290 CACCCCATCCTCCCTTTTCCCTACAAACACTCCCAATACCTCCATCCCCTATCCAATTAC

350 CAAATATTCTTTTCTAATTTCCCTATTAACTTCCAATCTCCCCAATATTTAACTTTTTAT

410 TTCCCCATTAATCACAAATATCCCTAAATCTCAAATAAAAATCACATATTAACTACCCAT

470 TTGCATTTAATATCCCATCCAACACTCTATACCTCATCCTTCCAACTTCTAAAACAATTT

530 ATTTTCTTCCCCAACACAAACACTCCAATAAAACCCTAATTAATTTTATTCTACATCTTC

590 CCTTCACTCCCATTATTAATTTTCAACCTTTAAACTTTTACTTCAACTCTCCAATCCTAC

650 CACCCCCTTTTCCCCTTTTCCCCTTTTCCCCTTTTCCCCTTTTCC 3 •

Figure 1. Nucleotide sequence of the cloned Euplotes macronuclear 5S RNA gene. The nucleotide sequence
of the strand homologous to the RNA is shown. The coding region (positions +1 to +120), the putative replication
origin (601-623), and the telomeric sequences are underlined.

experiments a-amanitin. Reactions occurred in capped conical tubes at 22°C for 1 hour.
Reactions were stopped by the addition of 300 /tl SETS [ 100 mM NaCl, 10 mM Tris HC1,
1 mMEDTA, 1 % (w/v) SDS (pH 8.0)], phenol extracted, chloroform extracted, and nucleic
acids precipitated by removing the aqueous phase and adding to it 1/10 volume of 3 M
Na acetate and 3 volumes of ethanol. The labelled RNA was redissolved in 80% (v/v)
formamide, 25 mM Tris borate, 0.5 mM EDTA (pH 8.3). Samples were analyzed by
autoradiography following electrophoresis on a 10% (w/v) polyacrylamide gel containing
50 mM Tris borate, 1 mM EDTA, and 8 M urea. 5S RNA synthesis was quantified by
excising a gel fragment containing the 5S RNA band and measuring Cerenkov radiation.
Backgrounds were measured by excising and counting gel fragments on either side of the
5S RNA band.
RNA Preparation and Northern Analysis
Euplotes total cellular RNA was isolated by the guanidinium thiocyanate (GSCN) method
essentially as described by Chirgwin et al. (26). Euplotes were starved for two days to
reduce algae and were collected by filtration over a nylon screen. The screen was then
held over a beaker and the Euplotes were washed from it into the beaker using a solution
of 5 M GSCN, 0.1 M /3-mercaptoethanol, 25 mM sodium citrate, 0.5% (w/v) sodium
sarcosine, and 0.1 % (v/v) antifoam A (Sigma) (pH 7.0). One gram of solid CsCl was
added per 2.5 ml of lysate. Eight milliliter aliquots of lysate were layered over 2.5 ml
cushions of 5.7 M CsCl in 0.1 M EDTA (pH 7.4). RNA was pelleted in an SW41 rotor
at 35,000 rpm for 12 hours at 20°C. The RNA pellets were resuspended in 1 mM EDTA
(pH 7.4) and precipitated twice from sodium acetate/ethanol. RNA was analyzed by
electrophoresis in 1.2% (w/v) agarose gels containing 2.2 M formaldehyde in 10 mM
NaH2PO4 buffer (pH 6.5). Northern blots were performed using standard techniques and
hybridizations were carried out as previously described.
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Table I. Properties of Euplotes Macronuclear 5S RNA Gene

Length: 930 bp
Coding region length: 120 bp
Copy number: ~ 106

GC% coding region: 53%
GC% flanking DNA: 37%
GC% telomeres: 52%
GC% overall: 39%
Homology of coding region to

Euplotes woodruffi: 99%
Tetrahymena thermophila: 79%
Paramecium tetraurelia: 79%
Euglena gracilis: 72%
Xenopus laevis (somatic): 65%

Homology of Euplotes and
Xenopus laevis (somatic) ICRs: 70%

Average nucleosome repeat length: 190 bp
Average nucleosome core length: 148 bp
Average nucleosome linker length: 42 bp

RESULTS
Cloning and Sequence Analysis
A library of Euplotes eurystomus macronuclear DNA was constructed in pUC9 and cloned
into E. coli DH5. The library was screened by in situ colony hybridization using the nick-
translated 5S RNA gene of Tetrahymena thermophila (22) as probe. Approximately 33,000
colonies were screened and plasmids were prepared from 19 positives. All of these plasmids
contained inserts of equal size (930 bp) which co-migrated with the native Euplotes 5S
RNA gene as judged by Southern analysis using the Tetrahymena 5S RNA gene as probe.
These 19 isolates were further examined by restriction fragment length polymorphism
(RFLP) analysis using six restriction enzymes, each cleaving the insert one or more times.
No heterogeneity among the clones could be detected at this level of resolution. The cloned
930 bp macronuclear DNA insert was excised from the plasmid vector, gel-purified, and
used as probe against native macronuclear genomic DNA on a Southern blot. A single
species of 930 bp was observed, indicating that the cloned 5S RNA gene was a faithful
representation of the native gene. These results taken together suggest that Euplotes
eurystomus contains predominately one type of macronuclear 5S RNA gene.

A single 5S RNA coding region of 120 bases was found within the 930 bp macronuclear
DNA molecule. A summary of selected properties of the Euplotes macronuclear 5S gene
is presented in Table I. The Euplotes eurystomus coding region differs in only one nucleotide
from that determined by sequencing 5S RNA from Euplotes woodruffi (27). The coding
sequence is ~ 80% homologous to that of other protozoa such as Tetrahymena, Paramecium,
and Euglena, and is — 65% homologous to the Xenopus sequence. The 3' terminus of
the coding region was observed to contain the canonical RNA polymerase HI termination
signal, GCT4_5GC (5). The RNA sequence readily conforms to the minimal model of
eukaryotic 5S RNA secondary structure proposed by Erdmann and Wolters (28). This
macronuclear gene was found to be flanked by telomeric sequences identical to those
previously described in Euplotes aediculatus (4) including the conserved pentanucleotide
TTGAA 17 bp inward from the C4A4 repeats. A DNA structure similar to those suggested
to serve as replication origins in Oxytricha (29,30) and Stylonychia (31) was observed
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Figure 2. Digestion of Euplotes macronuclei and purified DNA.
Panel A: Ethidium bromide staining of an agarose gel loaded left to right (lanes 1-14) with macronuclear digestion
products as follows: lanes 1 —3, micrococcal nuclease digestion for 0, 1, 2 minutes; lanes 4 - 8 , DNAse I digestion
at 0, 0.5, 1,3, 10 units/ml; lanes 9-11 , MPEFe(II) digestion for 0, 5, 10 minutes; lane 12, native Euplotes
macronuclear DNA (untreated); lanes 13 and 14, pUC9 XPst 1 xHae III and 0X174RFx//ae ///size markers.
Panel B: Autoradiogram of a Southern blot of the gel in panel A probed with the 5' synthetic oligonucleotide probe.
Panel C: Autoradiogram of the blot in panel B after stripping and reprobing with the 3 ' synthetic oligonucleotide
probe.
Panel D: Ethidium bromide staining of an agarose gel loaded left to right (lanes 1-13) with naked DNA digestion
products as follows: lanes 1 - 3 , micrococcal nuclease digestion for 10, 40, 120 seconds; lane 4, <£X174RFxA/ae
/// size marker; Ianes5—7, DNAse I digestion at 0.1, 0.3, 1.0 units/ml; lane 8, \XHind III size marker; lane
9, native Euplotes macronuclear DNA (untreated); lane 10, pVC9xPst ixHae III size marker; lanes 11-13,
MPE.Fe(U) digestion for 2, 7, 20 minutes.
Panel E: Autoradiogram of a Southern blot of the gel in panel D probed with the 5' synthetic oligonucleotide probe.
Panel F: Autoradiogram of the blot in panel E after stripping and reprobing with the 3' synthetic oligonucleotide
probe.

approximately 50 bp inward from the 3' telomere. An inverted repeat, ATTATTA,
separated by 2 bp from the sequence TTTCAAGCTTTAAA, which is capable of forming
a cruciform structure, is located between positions 601 -623 . These structural motifs are
shared by the polyoma virus origin of replication (32) and ARS elements in yeast (33,34).
Electron microscopic studies have indicated that putative replicating macronuclear DNA
molecules generally show evidence of replication origins near one end of the linear molecules
(35,36).

The GC% was calculated as a sliding local average along the macronuclear DNA
molecule. Local GC% maxima were observed at the coding region and telomeres; while
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Figure 3. Chromatin structure of the Euplotes macronuclear 5S RNA gene. The central axis represents the
930 bp gene: the telomeres, the coding region, and the internal promotor are indicated by cross hatching
Cleavage sites of the DNA in chromatin are indicated above the axis, preferred cleavage sites in naked
DNA for micrococcal nuclease are indicated below. Cleavage sites for micrococcal nuclease, DNAse I, and
MPE.Fe(II) are represented by 4 , \ , and v , respectively. The circles represent nucleosomes (vx ,v2, v3,
and e4) and the squares represent telomeric complexes. The wavy lines indicate the origins of the synthetic
ohgonucleotide probes used for indirect end-labelling.

a local GC% minimum was observed to coincide with the putative replication origin.
Interestingly, within the coding sequence a depression in GC% was seen at the putative
internal control region.
The abundance of the 5S RNA gene in the Euplotes macronucleus was measured by dot

blot hybridization (data not shown). Cloned 5S RNA gene was retrieved from the vector,
gel-purified and used as a hybridization probe for a dot blot, containing a dilution series
of this same DNA adjacent to a dilution series of native Euplotes macronuclear genomic
DNA. Hybridization intensities were measured by densitometry and the amount of 5S DNA
in macronuclear genomic DNA was calculated by comparison to the 5S DNA standard.
About 1 in 200 macronuclear DNA molecules harbors a 5S RNA gene. Since there are
~ 1.92X108 total DNA molecules per macronucleus (calculated from references 37—39),
if 1 in 200 of these harbors a 5S RNA gene, this amounts to -9.6X105 copies per
macronuclear genome. Since the average copy number of a Euplotes macronuclear gene
is ~ 8200 (calculated from 37-39), the 5S RNA gene is amplified ~ 120-fold compared
to a gene of typical abundance. This hyperamplification correlates well with the ~ 100-fold
hyperamplification of the 7.5 KB gene coding for 19S and 25S ribosomal RNAs reported
for Oxytricha (1,37). Presumably, as in other species, the macronuclear genes coding for
these rRNAs are coordinately amplified so as to better synchronize the rates of ribosomal
component production.
Chromatin Structure
To probe the native chromatin structure of the Euplotes 5S RNA gene, macronuclei from
starved cells were treated with micrococcal nuclease, DNAse I, or MPEFe(II). Euplotes
were starved for several days to reduce algae and to reduce macronuclear transcription
to a minimal level. Purified macronuclei were resuspended in the appropriate buffers and
treated with the cleavage reagents as described in Materials and Methods. DNA digestion
products were purified and detected on Southern blots by indirect end-labelling using
synthetic oligonucleotides as hybridization probes (Fig. 2). Thirty bases of DNA sequence
immediately inward from the telomeres at each end of the coding strand were used as
probes. The wavy lines in Figure 3 show the positions from which the probes were derived:
the 5' probe was derived from nucleotides —193 to -164 and the 3' probe from +623
to +652. The positions of cleavage sites and protected regions are shown schematically
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