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ABSTRACT

Ciliated protozoa harbor two different types of nuclei
in each cell. The diplold micronucleus is the
transcriptionally inactive generative nucleus, while the
macronuclous contains a highly amplified
transcriptionally active genome of lower complexity.
The macronuclear genes encoding the two largest
subunits of both RNA polymerases | and Il of Euplotes
octocarinatus were identified by a novel method of two
step PCR walking, employing primer pairs derived from
telomeric sequences of the organism and known
conserved RNA polymerase polypeptide sequences,
respectively. The relative gene dosage was determined.
The genes are present in equal copy numbers for the
respective matching subunits. Northern hybridizations
showed comparable amounts of transcripts, as well,
within the matching pairs. Mapping of the 5’-termini of
the transcripts of the gene sized chromosomes showed
that the upstream nontranscribed regions are very
short and contain characterisitic sequence motifs
which could be the determinants of equal promoter
strengths for subunits of a common RNA polymerase.

INTRODUCTION

Ciliated protozoa are characterized by nuclear dimorphism. The
two different types of nuclei present in each cell serve different
functions. The generative micronucleus comprises the complete
genetic information in transcriptionally inactive form, while the
vegetative macronucleus contains functional chromosomes in high
copy numbers (1). In the case of hypotrichous ciliates like
Euplotes these chromosomes comprise one gene each (2), with
the probable exception of TRNA genes (3) which are linked on
one chromosome. They are bounded by telomeres.

The sequence complexity of the macronuclear genome is
greatly reduced compared with that of the diploid micronucleus
(1). This loss of sequence information as well as the amplification
of the residual genes occurs during macronucleus development
from a micronucleus after a sexual process called conjugation.
The copy numbers of the different macronuclear chromosomes
are different, ranging from 10° to 103 per macronucleus (4, 5).

They are species specific and are kept constant during vegetative
cell divisions (6, 7). Therefore, the dosage of different genes
is fixed. This could serve as a basic mechanism of determining
the amounts of gene products, especially for house keeping genes,
and make involved transcriptional control unnecessary in these
cases. Such a mechanism would be of special advantage in the
cases of subunits of multicomponent proteins.

In order to test this notion we have analyzed the relative gene
copy numbers and amounts of transcripts of two pairs of genes
encoding RNA polymerase subunits, whose stoichiometric
amounts in the enzyme are known (8, 9). We report that, indeed,
the copy numbers of the macronuclear chromosomes carrying
the genes encoding the two largest subunits each of RNA
polymerases I and II, RPA1 and RPA2, or RPB1 and RPB2,
respectively, are present in equal copy numbers and that the genes
belonging to each pair are transcribed at comparable levels.

The very short nontranscribed regions as defined by mapping
of the 5'-ends of the transcripts show common features close to
and/or upstream of the transcription start sites for each of the
two pairs of the matching genes belonging to the different
polymerases.

MATERIALS AND METHODS

DNA cloning, sequencing, nucleic acid hybridization, and
polymerase chain reactions (PCR)

Restriction analysis, DNA cloning after GC-tailing or insertion
of restriction fragments into pT7T3 plasmid vectors (Gibco/BRL),
DNA hybridization, PCR, and sequencing of cloned or amplified
DNA according to the dideoxy chain termination method was
performed as described (10, 11). Direct sequencing (12) of PCR
products was carried out after their elution from agarose gels.

Ciliate cultures and macronucleus preparation and lysis

Euplotes octocarinatus strain 2 (68)-VIII used in this study was
obtained from K.Heckmann, Miinster and grown on
Chlorogonium elongatum (Algal Strain Collection, Gottingen)
as described (13). Macronuclei were prepared as previously
described (14) after concentrating the cells by filtration through
nylon gauze (60 um pore size), and subsequent cell lysis and size
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Table 1. Primers used in PCR-amplification

Primer peptide derived DNA sequence

1 YNADFDGDEMN GTTCATTTCGGATCC(AG)TCGAA(AG)TCAGCGTT(AG)TA!

2 MGKRVDFSAR ATGGG(AT)AA(GA)AG(AT)GTGGAATTCTCATCAGC(TA)AGA

3 PIMLRSXXC (GA)CAGGATCCAGATC(GT)TA(AG)CAT(AT)AT(AT)GG'

4 NPHXXPSRMT GTCATTCT(AT)(CG)(TA)(AT)GGATCCGC(AG)TG(TA)GGATT'

5 PDXNQSPRN(MT)YQ CC(AT)GAATTCAA(CT)CAA(TA)G(AT)CC(AT)AG(AG)AATA(TC)YTG)TATCAA

6 GGYF(VI)(V)NGSE(KR) GG(AT)GG(AT)TATTTTAT(TA)AT(TA)AATGG(AT)(AT)(CG)AGAA

Telo? CCAAAACCCCGGATCCCCAAAACCCC CCCAAAACCCGAATTCCCCAAAACCCCAAA

!Antisense sequence. 2The Telo oligonucleotides were derived from the 5'-recessed end sequence of the telomeres. They differ in the inserted BamHI or EcoRI
restriction sites and were used according to the restriction sites used in the cloning vector. Restriction sites incorporated into the primers sequences are shown in bold letters.

fractionation of the released nuclei by filtration through nylon
gauze (10 um pore size) and sedimentation at 100 g for 15 min
at 4°C. The nuclei were lysed at a concentration of
1-3%10%ml in 10 mM Tris/HCI pH 9.5, 0.5 M EDTA, 1%
SDS at 65°C for 15 min followed by the addition of a final
concentration of 2 mg/ml of proteinase K and further incubation
for 16 h at 50°C.

RNA preparation

RNA was obtained from whole cells according to the one step
extraction method (15) employing acidic guanidinium thiocyanate
and phenol extraction.

PCR walking

Polymerase chain reactions were carried out with Taq DNA
polymerase (Perkin-Elmer/Cetus) which was used according to
the supplier’s instructions. Macronuclear DNA was size
fractionated in the range of the expected gene length prior to its
use as template at 1 ug/ml in 100 ul reactions. Primers derived
from conserved eukaryotic RNA polymerase oligopolypeptide
sequences (16—23) were synthesized on an Applied Biosystems
model 391 synthesizer. They are given in Table 1. They were
first used, partially in conjunction with primers derived from the
telomeric sequences. The optimal temperatures for the
hybridization steps during the PCR were optimized for each
primer pair. After the primary amplification using such primer
pairs, secondary primers were derived from partially sequenced
amplification products. The primer combinations applied for the
individual reactions are specified in Figure 1 of the Results
section.

Quantitative Southern blots

32P-labeled (24, 25) homologous probes were employed under
stringent conditions for quantitative Southern blots in the
determination of gene copy numbers of the different genes
encoding RNA polymerase subunits. The specific activities of
the probes were measured by parallel hybridizations against
known amounts of cloned homologous DNAs. In addition, a
specific mixed oligonucleotide derived from a consensus sequence
in the 5'-regions of the RPB1 and RPB2 genes was employed
for another independent copy number determination of these
genes.

Northern blots and estimation of the relative steady state
amounts of RNA polymerase transcripts

The estimation of the relative amounts of RNA polymerase
transcripts was performed on total RNA transferred and bound

to nylon filters (Biodyne B, Pall) after its electrophoretic
separation on 1.2% formaldehyde agarose gels. 3?P-labeled gene
specific probes of comparable specific activities were employed.

Primer extensions

32P-labeled primers were hybridized to 10—50 ug total RNA
and reverse transcription was performed at 42°C with AMV
reverse transcriptase (Boehringer) used according to the supplier’s
instructions. The products were analyzed on a denaturing 6%
polyacrylamide gel employing sequence markers as size
standards.

RESULTS

Identification of macronuclear RNA polymerase genes in
Euplotes octocarinatus

The previous comparison of genes encoding eukaryotic RNA
polymerase subunits has yielded conserved amino acid sequences
in both of the largest subunits of all three types of the enzyme,
RNA polymerases I, II and III. In order to assess if such
sequences would be at all useful for the search for RNA
polymerase structural genes in ciliates Southern blots of
macronuclear DNA of E.octocarinatus and Stylonychia lemnae,
both fresh water inhabiting hypotrichous ciliates, were probed
with an oligonucleotide derived from the most common
polypeptide of the largest subunit of the polymerases
(YNADFDGDEMN, 16—18). In both cases one strong signal
at 5 kb was detected which was the presumed size for
macronuclear chromosomes comprising only the respective genes
and the expression signals. This was as expected as no cases are
known in hypotrichs, in which one macronuclear chromosome
carries more than one protein encoding gene. This result
encouraged us to use the strategy outlined in Figure 1 to look
for both, the genes encoding the largest and second largest
subunits of different RNA polymerases in E.octocarinatus.
Overlapping gene fragments were produced by PCR walking
employing heterologous primers (derived from conserved amino
acid sequences of the homologous gene products from other
organisms) together with primers derived from the telomere
sequence or in conjunction with homologous primers derived
from partial sequences of previously isolated fragments.

In all cases in which telomere primers were used, size
fractionation of the macronuclear DNA was performed after
identification of the macronuclear chromosomes in Southern
hybridization experiments in order to avoid amplification of
complete shorter chromosomes end to end.
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Figure 1. PCR walking strategy for the isolation of macronuclear RNA polymerase
gene sequences. (A) RPA1 and RPB1 sequences, encoding N-terminal parts of
the largest subunits of RNA polymerases I and II, respectively. The size of the
macronuclear chromosomes, bounded by telomeric sequences (filled ends) is
indicated at the top of the figure. The fragments of the RPA1 (open bar) and
RPBI (hatched bars) genes obtained are shown in the lower part. Solid arrows
indicate homologous primers, while heterologous primers are indicated by broken
arrows. They are numbered in accordance with the Materials and Methods section.
Vertical double headed arrows indicate the regions from which homologous primers
were derived for secondary walking steps. Telomeres and primer lengths are not
drawn to scale. (B) Genes RPA2 and RPB2, encoding the second largest subunits
of the same two RNA polymerases. The signatures are analogous to those in (A).

Identification of the different polymerase gene types

In order to specify, to which RNA polymerase type the identified
genes belonged, N-terminal sequences were derived from the
sequences of the 5'-terminal gene fragments and compared to
known sequences of the respective genes from Saccharomyces
cerevisiae. Figures 2 and 3 document that the genes of the two
largest subunits of each of the RNA polymerases I and II, RPA1
and RPA2, as well as RPB1 and RPB2 had been identified. The
figures also show that the relationship between polymerases II
and I appears closer than that among polymerase I and the other
two enzymes, which is in line with previous observations (18, 26)

Determination of the relative copy numbers of the genes
encoding pairs of RNA polymerase subunits

The control of differential gene amplification which apparently
operates during macronuclear development of hypotrichous
ciliates would allow the adjustment of the gene dosage to the
required stoichiometry of the needed products in multisubunit
protein complexes such as the RNA polymerases where the two
largest subunits are present at a 1:1 ratio both in bacteria (8) and
eukaryotes (9). In order to test this notion quantitative Southern
hybridizations were carried out on macronuclear DNA of

Nucleic Acids Research, Vol. 20, No. 17 4447

4 3
/|3 ’
= 2 /7
3 gk /
V =
g T s g
g % = /
: 7 :
&< / & v/ 7/
/ 4 ’ s
A /
gl ’ 4 d / g' C ’ 7
oy / : ,
G 4 . 21 ’
g ol E
-{ - £l /
£ ‘ /
1 7 ] 7 7
/
4 /
- 7/
I} /
8 - 718, ,
< ‘ / < ’ 4
- g /
g - - /
/ , 7 1
ey L
RPA1(1:638) RPA2(1:580)

Figure 2. Identification of genes RPA1 and RPA2, encoding the two largest
subunits of RNA polymerase 1. Derived N-terminal polypeptide sequences of
the lengths given at the axes of the dot matrices were compared with known
sequences of the respective genes of RNA polymerases I, II or Il (called RPAI,
RPBI, RPC1, RPA2, RPB2, and RPC2, for simplification) of Saccharomyces
cerevisiae. Their original names are RPA1 = RPA190 (16), RPB1 = RP021,
RPC1 = RP031 (39), RPA2 = RPA135 (22), RPB2 (20), and RPC2 = RETI
(23), respectively.

E.octocarinatus with mixtures of gene probes derived from the
two genes encoding the two largest subunits of RNA polymerases
I or II, respectively. The results are shown in Figure 4. It is
obvious in both cases that the two genes do indeed occur in equal
copy numbers, i.e. at the same amplification levels, in the
macronucleus. Scanning the signals of the left RPA lane yielded
a ratio of 0.46 (lower to upper signal), which matches the ratio
of the probe lengths of 0.9 to 2.0 kb.

Assessment of the relative amounts of transcripts of the
identified RNA polymerase I and II subunit genes

Northern blots were obtained from total RNA of E. octocarinatus
and hybridized against an excess of cloned and radioactively
labeled gene sequences of the homologous genes. We did not
isolate a polyA —RNA fraction in order to avoid an artifactual
distortion of the ratio of the transcripts. Due to the relatively small
fraction of the respective mRNAs in the total RNA the signals
were weak and allow only an estimate of the ratios of the
transcripts. The result shown in Figure S represents one of several
experiments using RPA and two experiments using RPB specific
probes. For RPA the amount of the transcripts appears to be in
the same order of magnitude. An equal amount of the transcripts
cannot be taken from this experiment. Therefore it remains
unclear whether the ratio of the two transcripts is directly
proportional to the ratio of the gene copy numbers in this case.



4448 Nucleic Acids Research, Vol. 20, No. 17

RPA1 YEAST(1:476)
N
N

RPA2 YEAST(1:364)

RPB1 YEAST(1:476)
N
RPB2 YEAST(1:364)

RPC1 YEAST(1:476)
AN
RPC2 YEAST(1:364)

RPB1’(| :476) I RPB2(1 ‘:56&)

Figure 3. Identification of genes RPB1 and RPB2, encoding the two largest
subunits of RNA polymerase II. Derived N-terminal polypeptide sequences of
the lengths given at the axes of the dot matrices were compared with known
sequences of the respective genes of all three RNA polymerases of Saccharomyces
cerevisiae. The nomenclature was chosen as in Figure 2.

For RPB the results of the two experiments shown suggest that
this might be true, although the comparison of the two
experiments also shows the degree of uncertainty of this
conclusion.

Analysis of the subtelomeric regions preceding the 5'-ends
of the identified RNA polymerase subunit genes

Macronuclear chromosomes of Euplotes have characteristic
telomeric sequences and consensus sequences for putative
fragmentation sites used to process the micronuclear precursors
into macronuclear chromosomes (27). They occur at a distance
of 17 bp from the proximal telomeric repeat. It is therefore easy
to confirm that a clone obtained by PCR amplification at the
5’-end of a macronuclear gene does contain the terminal region
and has not resulted from unspecific priming closer to the
beginning of the gene. Figures 6 and 7 show the sequences of
the 5’-subtelomeric regions preceding the four analyzed genes.
Using the indicated primers, the 5’-ends of the transcripts were
mapped to the indicated nucleotides, which are in all but one
case located on an A residue in the proximity of one or two
nucleotides to a C residue within a consensus sequence for mRNA
capping (28, 29). The indicated alternative 5’-ends could be
artifacts, in which case the most telomere proximal terminus
would have to be assumed to be the correct one. However,
examples of multiple staggered initiation points have previously
been described (30, 31). It is striking that all nontranscribed
regions are very short. In both the RPB1 and RPB2 genes TATA
box sequences can be seen in the expected distances upsteam of
the mapped 5’-end of the transcript which is most proximal to
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Figure 4. Autoradiograms of Southern blots of 10 ug (left lanes) or 1 ug (right
lanes) of macronuclear DNA probed with homologous 5'-terminal gene probes
of genes RPA1 and RPA2 (A) or RPB1 and RPB2 (B). Note that the lengths
of the equally labeled homologous probes were different, which explains the
apparent different signal strengths for RPA1 and RPA2. RPA1, 2 kb; RPA2,
0.9 kb, RPBI, 0.5 kb; RPB2, 0.6 kb. (C) Autoradiogram of a Southern blot
of 1, 5, 10, or 20 ug macronulcear DNA (left to right) probed with a common
mixed oligonucleotide probe derived from the 5'-terminal regions of genes RPBI1
and RPB2 which comprises a fully conserved undecanucleotide (compare Figure 7).
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Figure 5. Autoradiogram of a Northern hybridization of total RNA from vegetative
E.octocarinatus cells. Left side track: RPA1 and RPA2 transcripts; right side
tracks: RPBI and RPB2 transcripts from two independent experiments.
Homologous gene sequences of comparable total lengths cloned in pT7T3-18
were used as probes under stringent conditions.

the telomere. In addition, in these cases a conserved sequence
(13 out of 14 identical nucleotides) is detected close to the putative
transcription start sites (Figure 7). As also noticed in the case
of the homologous yeast genes (16, 22) TATA box sequences
are missing in front of the transcription start sites of the two RPA
genes. However, the most telomere proximal 5’-termini are
immediately preceded by stretches of 19 or 17 AT pairs in the
RPA1 and RPA2 genes, respectively, which have been
recognized as upstream promoter elements of constitutively
transcribed yeast genes (32, 33). CCAAT containing motifs have
been described in front of genes of ciliated protozoa, mostly in
Tetrahymena (34). They are not found in front of the Euplotes
genes described here, which is not surprising since they are
usually located at a distance in front of the transcription start,
which exceeds the available DNA stretches in front of the
E.octocarinatus RNA polymerase genes.

DISCUSSION

In the prokaryotic organisms studied so far the homologs of the
genes encoding the two largest subunits in the eukaryotic RNA
polymerases are organized in polycistronic transcription units,
which facilitates the stoichiometric production of the proteins (35).
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CCCCAAAACC CCATTCCTAT TTAGGGAAAT TGATAGAGAA AAATTGTAGT GPPTTAATAA
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TPPTATTTGG TAAGTATGGA AGTGAGATCA AGAAAAGCGT ATATTCTATT TAAAGCTCTT
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A2p
TGATAAATAC TAAGAACGAA TCCTTATTGT TATGAATGCA TATAAGATTG CAAAAACGTC
130 140 150 160 0 180

TAATAATTTT GTTAATATAG ATAGTGATTC TTAATGGAGT ACGACTCTAT TGATGATCTT
190 200 210 220 230 240

ACTGAGTATT GGAACCAAAA GGTAAGTGCT ACTAGTCTTA ATCGATTTTT AACATATTTG
260 270 280 290 300

ATTATTATAG GTAAACTCTA AATTAGAAAA ACTAAGAAAT CAACATGTTA ATATAACAGA
320 330 340 350 360

M
AGACATGAAA ACAAATGCTA AATTTGATAG AAAGGAAATT TCAAAAATTT ACAAAAATAT
380 390 400 410 420

Figure 6. (A) Mapping of the 5'-termini of the transcripts encoding the largest
and second largest subunits of RNA polymerase I by primer extensions. The
primers used (A, and A,,) are shown next to the signals and as horizontal arrows
in (B). The primer extension signals are shown in the left lanes. The adjacent
size markers do not represent the RNA polymerase gene sequences. The necessity
of application of large amounts of RNA caused the narrowing of the tracks showing
the extension signals as compared to the size markers on the same gel. The
numbered arrows indicate the lengths of the signals. (B) Sequences of the 5'-ends
of the RPAI (top) and RPA2 genes (bottom). Telomeric sequences at the 5'-ends
and consensus fragmentation sequences 17 bp downstream are indicated in italics
and underlined. Vertical arrows point to the terminal nucleotides of the transcripts.
The potential N-terminal methionine residues of the polypeptides are shown in
bold face above the nucleotide sequences. Due to the lack of available N-terminal
peptide sequences they had to be assumed on the basis of sequence comparisons
as shown in Figures 2 and 3. Conserved extended AT-tracts directly upstream
of the transcription starts are shown in subscript italics.

In contrast, the respective eukaryotic genes can be completely
unlinked and must be separately expressed. In haploid or diploid
organisms this requires the regulation of the coordinate expression
of the matching gene pairs on the transcriptional level.

The results presented here indicate that in hypotrichous ciliates
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130 140 150 160 170 180

B2a
ATGCATGGGC TGTAATTAGA GCTTACTTTG ATCAGCATGG ATTAGTTTCT CAACAGATTT
190 200 210 220 230 240

CATCATTTGA TAGATTCTTA AGCTATACAG TGCAGGATAT AGTTACTGAA AACAATACTA
250 260 270 280 290 300

Figure 7. (A) Mapping of the 5’-termini of the transcripts encoding the largest
and second largest subunits of RNA polymerase II. The primers used for mapping
of the 5'-ends of the transcripts (B, or By, and B,;) are shown next to the signals
and as horizontal arrows in (B). The primer extension signals are shown in the
left lanes. The adjacent size markers do not represent the RNA polymerase gene
sequences. The necessity of application of large amounts of RNA caused the
narrowing of the tracks showing the extension signals as compared to the size
markers on the same gel. The numbered arrows indicate the lengths of the signals.
(B) Sequences of the 5’-ends of the RPBI1 (top) and RPB2 genes (bottom).
Telomeric sequences at the 5'-ends and consensus fragmentation sequences 17
bp downstream are indicated in italics and underlined. Vertical arrows point to
the terminal nucleotides of the transcripts. The potential N-terminal methionine
residues of the polypeptides are shown in bold face above the nucleotide sequences.
Due to the lack of available N-terminal peptide sequences they had to be assumed
on the basis of sequence comparisons as shown in Figures 2 and 3. Conserved
extended AT-tracts directly upstream of the transcription starts are shown in
subscript italics.

such as E.octocarinatus a basic precondition for equal expression
of the two largest RNA polymerase subunit genes can be achieved
by equal amplification of the gene sequences of each matching
pair of both RNA polymerases I and II. Hypotrichous ciliates
have a unique general possibility of the predetermination of ratios



4450 Nucleic Acids Research, Vol. 20, No. 17

of transcripts on the basis of template amounts, since their
macronuclear chromosomes are all differentially amplified during
the generation of this transcriptionally active nucleus type.

In contrast, differential gene amplification is a rare event in
other eukaryotes. Temporal amplification of special chromosomal
genes is found in cases of particular massive requirements of gene
products at a certain developmental stage as in the case of chorion
proteins during egg development in Drosophila (36 —38), while
the amplification of the genome in giant chromosomes leads to
an equal increase of the dosage of all genes, which entails
differential transcriptional control.

Given the potential of differential amplification of genes in
Euplotes it appears very unlikely that transcription of equally
amplified genes required for the synthesis of equal amounts of
gene products is under factor dependent, differential
transcriptional control. This type of regulation would normally
occur through binding of proteins to recognition sequences
upstream of those necessary for the formation of the preinitiation
complex required for basic transcription. In the cases of the genes
described here the nontranscribed regions are indeed very short
and canonic sequences implicated in factor binding, such as the
CCAAT motif are not found. Enhancers within the genes cannot
be ruled out, whereas the 3’-noncoding regions of the genes are
also very short (data not shown).

We would therefore assume that the promoter strengths
determined only by the DNA sequences close to the transcription
start sites govern the transcription rates of the four RNA
polymerase genes studied here. This implies that the upstream
regions of equally expressed genes should have common features
determining equal promoter strength, which does not require
sequence identity. This is supported by our finding that the
subtelomeric regions preceding the transcribed parts of the
macronuclear chromosomes carrying the identified RNA
polymerase genes exhibit common features within the two pairs
of equally expressed genes. Our estimates of the ratios of the
amounts of transcripts from the two gene pairs on the basis of
Northern blots do not allow a firm conclusion as to whether steady
state concentrations of the transcripts have the same ratios as the
gene copy numbers. They appear to be in the same order of
magnitude. However, even if they could be shown to be equal,
it would not be excluded that the steady state levels are the result
of the compensation of different synthesis rates by differential
degradation of the transcripts. Even though we consider it
unlikely, this would have to be ruled out by future studies on
the transcription rates and/or stabilities of the RNAs.
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