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ABSTRACT cDNA clones comprising the entire coding
region for the mating pheromone Er-i ofEuplotes raikovi have
been isolated by oligonucleotide screening of two cDNA librar-
ies in the vectors Agt1O and pUC12. The cDNA sequence
contains an open reading frame of 75 amino acids that
constitute pre-pro-Er-1. The amino acid sequence of secreted
Er-i starts at aspartic acid-36 of pre-pro-Er-1 and completely
matches that known by direct Er-i protein sequencing. The
coding region of Er-i cDNA ends with codon TAA, which
specifies glutamine in other ciliates. The 5'- and 3'-noncoding
regions contain, respectively, two and one inverted repeats.
The 3'-noncoding-region inverted repeat, which includes the
unusual polyadenylylation signal AACAAA, has been related
to RNA 3'-terminus formation.

Since Sonneborn's discovery of mating types in Paramecium
aurelia (1), numerous species of ciliates have been found
capable of controlling cell-cell recognition phenomena and
cell transformation for mating by complexes of genetically
determined mating types (for reviews, see refs. 2-6). How-
ever, the chemical substances determining mating types have
been purified to homogeneity and partially characterized in
only a few species (for reviews, see refs. 6 and 7; also see refs.
8-11), and nothing is yet known about their genetic regulation
at the molecular level.

In Euplotes raikovi, four ofthese substances-referred to as
mating pheromones or euplomones r and abbreviated as Er
(12)-have been shown to be small soluble, acidic proteins,
biologically active at concentrations of _10-12 M (11, 12).
According to data from Mendelian genetic analysis, their
genetic control is carried out, as in Euplotes patella (13, 14)
and Euplotes octocarinatus (15), by a series of codominant
multiple alleles at the highly polymorphic mating type (mat)
locus (7, 16). Each mating pheromone segregates in one-to-one
correspondence with one mat allele and confers one specific
molecular phenotype (mating type) to one cell class (16).
Here we describe the molecular cloning and sequencing of

cDNAs encoding the mating pheromone Er-1, which is
secreted by E. raikovi of mating type I, honmozygous for the
allele mat-iJ. The cDNA sequence specifies an Er-1 precur-
sor of 75 amino acids, including the 40-amino acid sequence
of mature Er-1 near the carboxyl terminus (17).
Knowledge of the molecular structure and genetic control

of E. raikovi mating pheromones will broaden the concept of
mating type function in ciliates and at the same time yield
opportunities for seeking molecular details of cell-cell rec-
ognition phenomena in unicellular eukaryotes.

MATERIALS AND METHODS
Cells and Culture Conditions. E. raikovi of clone 1aF113

homozygous for the allele mat-i and secreting the mating

pheromone Er-1 was the source of RNA and DNA. Cells
were maintained as described (16). For RNA extraction
logarithmically growing cells were harvested, resuspended
for 4 hr in starvation medium, and pelleted by centrifugation
at 800 x g for 3 min.
RNA Extraction. Total RNA was extracted by the LiCi

method (18). Usually 2 mg of RNA was obtained from 108
cells. Poly(A)+ RNA, selected by chromatography on oligo-
(dT)-cellulose (Boehringer Mannheim), was usually -1.2%
of the total RNA.

Purification of Macronuclei and DNA Extraction. Macro-
nuclei were purified as described in Oxytricha by Swanton et
al. (19). They were suspended overnight at 50TC in lysing
solution (0.5 M EDTA/1% SDS/10 mM Tris HCI at pH 9.5)
containing proteinase K at 0.2 mg/ml (Boehringer Mann-
heim). DNA was purified by several phenol and chloroform
extractions, treated for 2 hr with RNase A (50 ug/ml;
Boehringer Mannheim), and dialyzed before being loaded on
agarose gels.

Oligonucleotide Synthesis and Labeling. Oligonucleotides
of 29 and 36 bases were synthesized on an Applied Biosystem
DNA synthesizer (model 308A) with procedures and reagents
recommended by the manufacturers. Oligonucleotides were
purified by preparative electrophoresis on 8 M urea/20%
polyacrylamide gels. Oligonucleotide bands were visualized
by direct UV light, excised, and electroeluted on an ISCO
apparatus with dialysis membranes of 3500 Da cut-off. Oligo-
nucleotides were radiolabeled with [a-32P]ATP and T4 poly-
nucleotide kinase (Boehringer Mannheim), according to stan-
dard procedures.
cDNA Synthesis and Library Construction. The first strand

of cDNA was prepared from poly(A)+ RNA (10 ,ug) with
Moloney murine leukemia virus reverse transcriptase (Be-
thesda Research Laboratories) as suggested by the supplier.
The second strand (2 pug) was synthesized according to
Gubler and Hoffmann (20). T4 DNA polymerase (Amersham)
was then used to fill in overhanging ends. This blunt-ended
double-stranded cDNA was then divided into two samples.
One sample (1.5 gg) was methylated with EcoRI methylase
(Amersham) and ligated to phosphorylated EcoRI linkers
(Amersham). Linker excess was removed by EcoRI diges-
tion, followed by 5% polyacrylamide gel electrophoresis and
electroelution of molecules >300 base pairs (bp). cDNA with
EcoRI-linker ends was ligated to EcoRI-digested and phos-
phatase-treated AgtlO arms. This recombinant DNA was
packaged with the Promega Biotec packaging system, using
-0.5 ,.g of DNA per packaging extract. The other cDNA
sample (500 ng) was ligated into the vector pUC12, previ-
ously digested at the Sma I site and treated with phosphatase.
After ligation, the Escherichia coli strain JM83 was trans-
formed with the CaC12 procedure (21).

Abbreviations: Er-i, Euplotes raikovi mating pheromone secreted by
cells of mating type I; nt, nucleotide(s).
tThe sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04141).
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Screening of Libraries. The libraries in the vectors Agtl0
and pUC12 were screened by using labeled oligonucleotides
by plaque and colony hybridization, respectively. Plaque or
colony filters, prepared according to Maniatis et al. (21),
were prehybridized 4 hr at 650C in 5x Denhardt's solution
(1x Denhardt's solution is 0.02% polyvinylpyrrolidone/
0.02% Ficoll/0.02% bovine serum albumin)/10 mM EDTA/
0.5% SDS, pH 7.5. Hybridizations were done in 5x Den-
hardt's solution/6x NET (20x NET is 3 M NaCI/20 mM
EDTA/0.3 M Tris HCI, pH 8)/0.5% SDS containing yeast
tRNA at 100 ,g/ml. Filters were then washed twice in 100 ml
of 0.5% SDS in 4x NET.

Preliminary experiments to optimize temperatures of filter
hybridization and washing were done. Total and poly(A)+
RNA were spotted or electrophoresed and blotted on Hy-
bond N membrane (Amersham). The same blots were hy-
bridized with every oligonucleotide and washed several times
under increasingly stringent conditions. Optimal tempera-
tures for 29-base and 36-base oligonucleotides were 420C and
50'C for hybridization and 500C and 550C for washing,
respectively.

Analysis ofRNA Blot and Southern Blot Hybridizations. For
RNA blotting, samples of total and poly(A)+ RNA were
loaded on a 1.5% agarose gel electrophoresis containing
formaldehyde. For Southern blotting, samples of undigested
macronuclearDNA were loaded on 1% agarose gel. RNA and
DNA gels were then blotted on Hybond N membrane
(Amersham) as specified by the supplier. Prehybridization,
hybridization, and washing were done according to Maniatis
et al. (21), with radiolabeled cDNA inserts as probes; this
radiolabeling was according to the method of Feinberg and
Vogelstein (22).
Subcloning and DNA Sequencing. Minipreparations of

phage and plasmid DNA from clones of AgtlO and pUC12
libraries were prepared as described (21, 23). These DNAs
were then digested with the required enzyme (according to
the supplier) and run on 1% agarose gel. Digested fragments
were excised from the gel, purified by electroelution, and
subcloned in M13mp8 or M13mp9; pUC12 vectors were
digested as required. Sequencing reactions of M13 and pUC
subclones were performed by the methods of Sanger et al.
(24) and Chen and Seeburg (25), respectively. Sequenase
(United States Biochemical) and pUC sequencing (Boeh-
ringer Mannheim) kits were used.

RESULTS
Strategy for Designing Erl-Specific Oligonucleotide Probes.

The approach for isolating cloned DNA sequences specific
for Er-1 involved the synthesis of a set of oligonucleotides as
probes, complementary to some possible coding sequences
for portions of Er-1. The oligonucleotides were designed for
two Er-1 stretches, one at the amino terminus and the other
at the carboxyl terminus, the amino acid sequences of which
were known (ref. 26 and personal communication by S.
Raffioni, S. S. Disper, and R. A. Bradshaw). To minimize
the problem of the redundancy of the genetic code, we
applied the codons most commonly used in the few genes so
far sequenced in ciliates.
Table 1 shows that we synthesized a specific 36-mer

oligonucleotide (Erl-36) for the Er-1 amino-terminus peptide
and a set of four 29-mer oligonucleotides for the Er-1
carboxyl-terminus peptide, using, alternatively, the codons
AUU and AUC for isoleucine and UCA and UCG for serine.
The four 29-mer oligonucleotides were then separately tested
on a poly(A)+ RNA blot to identify which one could produce
one or more defined bands at the highest stringency. The
29-mer (Erl-29c) containing AUU for isoleucine and UCG for
serine appeared to be the most appropriate oligonucleotide,
as it produced one distinct band (data not shown). The 29-mer
was therefore used as probe, together with Erl-36, for
screening recombinant clones.

Isolation and Characterization of Er-i cDNA Clones. Total
RNA was extracted from early stationary-phase cells and
used to recover poly(A)+ RNA by oligo-(dT) chromatogra-
phy for the preparation of double-stranded cDNA. After
EcoRI-linker addition, a sample of double-stranded cDNA
was inserted in the EcoRI site of Agt1O arms and, after phage
packaging, used to infect the C-600 hfl E. coli strain. The
constructed library contained 1.3 x 106 independent recom-
binant plaques in a background of 40%o nonrecombinant
plaques.
Another sample of blunt-ended, double-stranded cDNA

was directly cloned in the Sma I site of the vector pUC12. It
produced 5 x 103 recombinant colonies.

Screening of all plaques and colonies by both oligonucle-
otides Erl-36 and Erl-29c revealed five positive recombinant
clones, which were shown to contain cross-hybridizing inserts
by dot-blot analysis. These inserts, 300-500 bp in length,
consisted of overlapping segments as shown by restriction
analysis.

Table 1. Synthetic oligonucleotides for the isolation of Er-i cDNA
Amino-terminus

peptide sequence
Possible codons

Oligonucleotide Erl-36
Carboxyl-terminus

peptide sequence
Possible codons

N-Asp-Ala-Cys-Glu-Gln-Ala-Ala-Ile-Gln-Cys-Val-Glu-
5' GAU GCU UGU GAA CAA GCU GCU AUU CAA UGU GUU GAA 3'

C C C G G C C C G C C G
A A
G G

3' CTG CGG ACG CTT GTT

A A
G G

CGG CGG TAG

A
G

GTT ACG CAG CTT 5'

-Met-Tyr-Ile-Tyr-Ser-Asn-Cys-Pro-Pro-Tyr-Val-C
5' AUG UAU AUU UAU UCU AAU UGU CCU CCU UAU GUU 3'

C C C C C C C C C C
A A

G
AGU

C

A A
G G

Oligonucleotide
Erl-29a 3' TAC ATG TAG ATG AGT TTG ACG GGT GGT AT 5'
Erl-29b 3' TAC ATG TAA ATG AGT TTG ACG GGT GGT AT 5'
Erl-29c 3' TAC ATG TAA ATG AGC TTG ACG GGT GGT AT 5'
Erl-29d 3' TAC ATG TAG ATG AGC TTG ACG GGT GGT AT 5'
Triplets changed in the Erl-29 set are boxed.

Biochemistry: Miceli et al.



Proc. Natl. Acad. Sci. USA 86 (1989)

Two ofthe five positive clones-namely, clone A4 from the
AgtiO library and clone p3/5b from the pUC library, con-
tained the entire coding region of Er-1. Their restriction maps
and the sequencing strategy are illustrated in Fig. 1. The other
three positive clones contained only portions of the inserts of
A4 and p3/5b clones.
The inserts of A4 and p3/5b clones were sequenced in both

strands, using subcloned fragments and Erl-29c oligonucle-
otide as well as the standard sequencing primers. Their
sequences allowed reconstruction of the full-length sequence
of Er-i cDNA which, as illustrated in Fig. 2a, proved to
correspond to a band of -680 bases by RNA blot analysis.
The same RNA blot also revealed a weaker band of ;1200
bases corresponding to a mRNA ofinterest (C.M. and A.L.T.,
unpublished data).
The two bands evidenced by RNA blot were completely

destroyed by RNase A treatment but were not affected by
DNase I treatment (Fig. 2b).
A hybridization pattern consisting oftwo bands of different

intensity was also produced by Southern blot analysis of
undigested macronuclear DNA, which was performed using
clones A4 and p3/5b as probes (Fig. 3). To interpret this result
we must consider that macronuclear DNA of hypotrich
ciliates is organized in linear "gene-sized" molecules that
represent independent transcribing units (27). The stronger
band at 1100 bp probably corresponds to the macronuclear
DNA molecule that transcribes Er-1 mRNA. This DNA
molecule is -450 bases longer than Er-1 mRNA-that is, the
number of bases expected to include the sequences flanking
the transcribing region ofevery macronuclearDNA molecule
(27). The other band at 1300 bp seems to correspond to the
DNA molecule that transcribes the mRNA of 1200 bases
evidenced by RNA blot analysis.

Er-i cDNA Sequence. The full-length Er-1 cDNA sequence
is shown in Fig. 4. This sequence includes (i) a 225-nucleotide
(nt) coding region containing an open reading frame capable
of encoding 75 amino acids, (ii) a 5'-noncoding region extend-
ing for 258 nt, and (iii) a 3'-noncoding region consisting of 105
nt ending with the poly(A) tail.
The hydropathy profile deduced from the Er-1 cDNA

coding region, predicted by the method of Hopp and Woods
(28), is shown in Fig. 5. The first 19 amino acids constitute a
hydrophobic domain. Starting from amino acid 20 the profile

100 200 300 400 500 600 bp

EcoR1 Sau3A Sau3A EcoR1
i I .

BamHl

clone lambda 4

Sst1
clone p3/5b

5' | PREPRO-Er-1 H AAA 3'

ATG TAA

FIG. 1. Restriction maps of A4 and p3/5b clones and strategy for
determining their nucleotide sequences. The two lines below the bp
scale represent the restriction maps ofA4 and p3/5b clones. Only the
restriction sites used for subcloning and sequencing are reported.
Wavy lines in the clone p3/Sb map stand for the pUC12 regions
flanking the insert. Direction and extent of nucleotide-sequence
determination are indicated by arrows. Broken and solid arrows refer
to Erl-29 oligonucleotide and pUC oligonucleotides as sequencing
primers, respectively. The reconstructed full-length Er-1 cDNA
sequence is diagrammed at the bottom; the coding region is boxed.

A B C A B C

-- 25 s -

19 S -

.A-1200 b i

- _ - 680 b _ 4 4* t,

a b

FIG. 2. Blot-hybridization analysis of RNA samples obtained
from mating type I E. raikovi and fractionated on 1.5% agarose gels
containing formaldehyde. (a) A sample (2 ,ug) of poly(A)+ RNA was
hybridized with the labeled insert ofclone p3/5b (lane A) and ofclone
A4 (lane B); a sample (20 Jzg) of total RNA was hybridized with clone
A4 (lane C). (B) Samples (2 ,ug) of poly(A)+ RNA were treated with
DNase I (1 ,ug), RNase A (1 ,ug), or untreated and loaded on the gel
(lanes B, C, and A, respectively). Hybridization was performed with
the labeled insert of clone A4. An identical hybridization pattern was
obtained using the labeled insert of clone p3/Sb (data not shown).
The position of markers, 25S and 19S rRNA, and the size of
hybridizing bands, reported in bases (b), are indicated by arrows.

shifts to a hydrophilic domain extending for 20 amino acids.
An even more hydrophilic domain involves amino acids 55-
62.
The translation initiation site in the Er-1 cDNA sequence

was assumed to be the ATG at the + 1 nt of Fig. 4. The
sequence upstream from this ATG codon shows an adenosine
residue in position -3. Thus it falls into the group of known
eukaryotic mRNA sequences, which have a purine in posi-
tion -3 but otherwise differ completely from the CCA/
GCCATG consensus sequence proposed by Kozak (29) to
function in eukaryotes as translation initiation site.
Two other ATG codons, corresponding to nt -72 and -87

are unlikely to function as initiation codons. Both of them, in
fact, are followed by only short open reading frames.
The amino acid codon usage of the Er-i cDNA appears to

diverge from the standard eukaryotic codon usage. When
possible, codons ending with adenosine are preferred and
codons ending with guanosine are avoided. Consistently,
AGA is the only one of the potential six arginine codons to
be used. Both the 5'- and the 3'-noncoding regions are rich in
adenosine and thymine nucleotides (67% and 72%, respec-
tively, versus 57% of the coding region) and contain three
inverted repeats that may form hairpin structures. Two of

A B C

-53 50 bp
-42 70 bp
3480bp

2000bp
| 1900bp
| -1590 bp

1300bp--1370 bp

1 --940 bp
-830bp

FIG. 3. Southern-blot analysis of undigested macronuclear DNA
obtained from mating type I E. raikovi and hybridized with the
labeled insert of clones A4 (lane A) and p3/Sb (lane B). Lane C was
stained with ethidium bromide before blotting. The position of
markers and the size of hybridizing bands are indicated at the right
and left, respectively.

3018 Biochemistry: Miceli et al.
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-250
5' CACAAAATA

-240 -230 -220 -210 -200 -190 -180 -170
TTGAATATTTTAAGCATATTTCTTATACTTTGTAATCATCGATGTTGTCAAGTCTGTCTTTGAGGTAGTCAGCTAAAGTCTCA
0- -

-160 -150 -140 -130 -120 -110 -100 -90
TATTTTGAGTCGATATCTTGGTTTGACCCAAACTCATCATGCTTGAAAATATGAACTTTTCAAGCTCAGGGTAGCCTATAATG

-80 -70 -60 -50 -40 -30 -20 -10 -1
TCATAGAATGGGATGTACATCAGATCTTTGTCACATGGCATCAGTGTTAAGTACATGTCATAAGTTTTAGTATCMTTTTAGA

+1 +10 +20 +30 +40 +50 4:3'+60
ATG AAC AAA CTA GCA ATT CTC GCT ATC ATC GCT ATG GTA CTC TTC AGC GCC AAC GCC TTC AGA
Met Asn Lys Leu Ala Ile Leu Ala Ile Ile Ala Met Val Leu Phe Ser Ala Asn Ala Phe Arg

1 5 10 15 20

+70 +80 +90 +100 W +110 +120
TTC CAA AGC AGA TTG AGA TCA AAT GTA GAA GCT MG ACA GGA GAT GCT TGT GAG CM GCT GCA
Phe Gln Ser Arg Leu Arg Ser Asn Val Glu Ala Lys Thr Gly Asp Ala Cys Glu Gln Ala Ala

25 30 35 40

+130 +140 +150 +160 +170 +
ATC CAG TGT GTT GAG TCA GCA TGT GM AGT CTT TGT ACA GAA GGT GM GAT A(
Ile Gln Cys Val Glu Ser Ala Cys Glu Ser Leu Cys Thr Glu Gly Glu Asp Al

45 50 55 61

+190 +200 +210 +220 +230 +240
TAT ATG TAC ATC TAT TCT AAC TGC CCA CCT TAT GTC TAA ATCTAACTACTTTAGAAM
Tyr Met Tyr Ile Tyr Ser Asn Cys Pro Pro Tyr Val Stop

65 70 75

+260 +270 +280 +290 +300 +310 +320
GACAAGTTGTAGTTAACACTTACTCTGGAGTTACTTGACAAGAACTAGGATAACTTTATTG:T1

+350
AAAAAAAAAAAAAAAAAAA 3'

these inverted repeats are located in the 5'-noncoding region
and involve the sequence from nt -255 to -239 and from
-126 to -103. The other inverted repeat is located close to
the 3' end, from nt +312 to +330, just upstream from the
poly(A) tail.
The typical polyadenylylation signal AATAAA is not

present in the Er-1 cDNA sequence; the corresponding
position is occupied by the sequence AACAAA.

DISCUSSION
We have determined the sequence of the cDNA for the
mating pheromone Er-1 of E. raikovi. The sequence fits in
size with the poly(A)+ Er-1 mRNA of 680 bases, which
appears to be transcribed by a macronuclear DNA molecule
of 1100 bp.
The Er-1 cDNA sequence contains an open reading frame

encoding a 75-amino acid polypeptide chain. The portion
from Asp-36 to Val-75 constitutes the secreted Er-i. This
sequence completely matches the sequence determined be-
fore this reported cDNA sequence by chemical analysis on
Er-i samples purified from cell supernatant (17).

4(

0

._
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I

+3

+2

+1

0

-1

-2

-3

10 20 30 40 50 60 7b
Amino acid residues

FIG. 5. Hydropathy profile of pre-pro-Er-1 predicted by the
method of Hopp and Woods (28), using six residues as window size.
The cleavage site of the presumptive signal peptide of pre-pro-Er-1
and the amino terminus of mature Er-1 are marked by solid and open
arrowheads, respectively.

180
GA ACT GGC TGC
rg Thr Gly Cys
0

+250
TCAAACCAAATTCG

+330 +340
TCCATCTAAAAAAA

FIG. 4. Er-1 cDNA sequence showing the pre-
dicted amino acid sequence of pre-pro-Er-1. Num-
bering above the nucleotide sequence indicates
nucleotide residues and is shown as + or - relative
to the translation initiation codon. Numbering be-
low the amino acid sequence indicates amino acid
residues. The vertical open and solid arrowheads
indicate the presumptive signal peptide cleavage
site and the amino-terminus of the secreted Er-1,
respectively. Inverted repeats are underlined by
arrows. The putative polyadenylylation signal is
boxed.

The sequence upstream from Asp-36 most likely includes
a signal peptide, which might serve to initiate Er-1 export
across the membrane of the rough endoplasmic reticulum.
Support for this assumption derives from the analysis of the
hydropathy profile of the predicted amino acid sequence that
shows a hydrophobic domain involving amino acids 1-19. In
this domain, three distinct regions typical of signal peptides
of secretory proteins are identifiable according to criteria
established by von Heijne (30): (i) one short and basic region
containing lysine (amino acids 1-3); (ii) one central and
strongly hydrophobic region (amino acids 4-15); and (iii) one
short and polar region containing asparagine and serine
(amino acids 16-19).
The cleavage of the signal peptide by a specific peptidase

appears to be a general prerequisite for protein transfer into
the endoplasmic reticulum. On the basis of the (-3, -1) rule
ofvon Heijne (30), the signal peptide cleavage site in the Er-1
nascent polypeptide chain is predicted to reside in the
Ala-Asn-Ala motif (amino acids 17-19). No other region
appears a good candidate for a cleavage site. The motif
Lys-Thr-Gly, which immediately precedes the amino termi-
nus of the secreted Er-i, is unlikely to be a cleavage site due
to the presence of a lysine residue.

In conclusion, we assume that Er-i mRNA is translated as
pre-pro-Er-1 of 75 amino acids. After cleavage of the secre-
tory signal peptide of 19 amino acids, pre-pro-Er-l is ex-
ported into the rough endoplasmic reticulum as pro-Er-i of56
amino acids.

Pro-Er-i has not been detected, at least in relevant
amounts, in the cell supernatant from which only the mature
form of40 amino acids was isolated (9, 17). Therefore, as also
occurs in secretion of polypeptide hormones and growth
factors of higher eukaryotes (31), pro-Er-i appears to be
processed proteolytically before being secreted.
A noteworthy feature ofthe Er-i cDNA sequence is the use

ofTAA as stop codon. In all ciliate genes sequenced so far,
only one termination codon has been identified-TGA. TAA,
as well as TAG, have been found to specify glutamine in
genes of Paramecium (32, 33), Tetrahymena (34), and Styl-
onychia (35, 36). In addition, glutamine tRNAs recognizing
TAA and TAG were purified in Tetrahymena (37).
On the other hand, it is certain that TAA functions as a

termination codon in the Er-i cDNA: one TAA codon is

. -A
VI Nf-

L -I-
i

Biochemistry: Miceli et aL
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located adjacent to the carboxyl terminus of the amino acid
sequence of the secreted Er-1, and downstream from it there
are two other TAA codons and no TAG or TGA before the
poly(A) tail. This in-frame repetition of stop codons is not
unique to Euplotes. It also occurs in immobilizing antigen
genes ofParamecium (38) and in tubulin genes of Stylonychia
(36). It might therefore constitute a distinctive trait of certain
ciliate genes.
The deviation of ciliates from the universal genetic code

deserves discussion about the position of this group in the
evolution of eukaryotes (for review, see refs. 34 and 39). This
deviation has been supposed to be a consequence of the
antiquity of ciliates, which have been thought an evolutionary
line branching off from the eukaryotic lineage before the
genetic code was fixed (34).
Our finding that Euplotes uses TAA as a stop codon

weakens this hypothesis. Instead, our results suggest that the
eccentric genetic code of some ciliates is a derived and not a
primitive character. In accordance with information most
recently obtained by Baroin et al. (40) from comparisons
among 28S rRNA sequences of protists, the eccentricity of
the genetic code of some ciliates might represent a secondary
event. As first suggested by Hanyu et al. (37), this event
might be from the appearance of mutated glutamine tRNAs
recognizing TAA and TAG codons that have been preserved
for protection against point mutations, giving rise to TAA and
TAG triplets within coding regions. These triplets, being
recognized by glutamine tRNAs, should not have the dele-
terious effect of ending translation in the middle of a coding
region.
Both noncoding regions of the Er-1 cDNA sequence show

interesting structural features. The 5'-noncoding region con-
tains two inverted repeats, very rich in adenosine and
thymidine nucleotides. They might represent DNA replica-
tion origins. Consistently, nonconserved inverted repeats of
Stylonychia macronuclear DNA molecules, similarly rich in
adenosine and thymidine nucleotides and located immedi-
ately upstream of the translation initiation site, have been
found capable of initiating autonomous DNA replication in a
heterologous mouse L-cell system (E. Helftenbein, personal
communication).

In the 3'-noncoding region, the sequence AACAAA ap-
pears inserted in one inverted repeat 10 bases upstream of the
poly(A) tail. This complex structure might be involved in
RNA 3'-terminus formation. Strong support for this assump-
tion derives from the following considerations. (i) As occurs
in mRNAs of human apolipoprotein B48 (41) and of platelet-
derived growth factor A chain (42), the sequence AACAAA
may replace the canonical polyadenylylation signal AATA-
AA in determining the addition of the poly(A) tail to the Er-1
mRNA. (ii) Nonconserved inverted repeats are always pres-
ent at the RNA 3' end of histone genes of high eukaryotes
(43), plastid genes (44), and Stylonychia tubulin genes (35);
however, in none of these genes has polyadenylylation been
observed. To verify our assumption, we need to compare the
Er-1 cDNA sequence with sequences of other Euplotes
genes.
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