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Abstract. The hypotrichous ciliate, Euplotes eurystomus, 
contains both a transcriptionally inactive micronucleus 
(MIC) and a transcriptionally active macronucleus 
(MAC) in the same cell. MAC DNA is small (0.5-20 
kb), linear and highly amplified_ Each DNA fragment 
consists of two telomeres, a single coding region, and 
the necessary control elements to regulate gene transcrip- 
tion and replication. The polyubiquitin gene consists of 
898 bp, plus 28 bp of double-stranded and 14 bases 
of single-stranded DNA of the telomeric repeat G~,T4 
at each end. The coding region exists as three copies 
of the ubiquitin gene (690 bp) fused in a head-to-tail 
arrangement as in other organisms. The stop codon is 
TAA, as in other Euplotes genes, and is not the rare 
glutamine codon used in most other ciliates. The 3' non- 
translated region contains two presumptive poly(A) ad- 
dition sites; the 5' nontranslated region possesses two 
putative TATA boxes, several imperfect direct and in- 
verted repeats, and a possible origin of replication. Nu- 
cleosome positioning studies reveal four tightly packed 
nucleosomes and a non-nucleosomal area containing the 
probable 5' control region as well as part of the coding 
region. The 5' area does not contain any DNAse I hyper- 
sensitive sites. Although the telomeres are protected 
from exonuclease digestion, they are not as well pro- 
tected as Oxytricha telomeres against endonucleases and 
cleavage by methidium propyl Fe 2 § EDTA. 
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Introduction 

Ubiquitin is a small, highly conserved, multi-functional 
protein that has been found in all eukaryotes examined. 
This 76 amino acid protein has few variable positions 
and calculations suggest that it is the most highly con- 
served protein known (Sharp and Li 1987). Conjugation 
of ubiquitin to other proteins can target them into an 
ATP-dependent proteolytic pathway, or modulate the 
function of the affected protein (for reviews see Hershko 
1988; Rechsteiner 1987; Finley and Varshavsky 1985). 
Ubiquitin has also been found conjugated to various 
cell surface receptors (Siegelman et al. 1986; Yarden 
et al. 1986; Leung et al. 1987). Ubiquitinated histones 
are believed to disrupt nucleosome structure and appear 
to be preferentially associated with active genes (Lev- 
inger and Varshavsky 1982; Ridsdale and Davie 1987). 
Two of the known E2 proteins in yeast (RAD 6 and 
CDC 34), which are involved in the conjugation of acti- 
vated ubiquitin to other proteins, may be involved in 
the regulation of DNA repair and the cell cycle (Jentsch 
et al. 1987; Goebl et al. 1988). All thoroughly studied 
organisms contain at least two distinct ubiquitin genes: 
one polyubiquitin gene with 2-18 copies of ubiquitin 
in a tandem array (Sharp and Li 1987; Lee et al. 1988); 
and at least one other gene with the reading frame of 
a ribosomal protein (Finley et al. 1989; Redman and 
Rechsteiner 1989) fused directly to the 3' end o fa  ubiqui- 
tin coding region (Sharp and Li 1987). 

Euplotes eurystomus, like other hypotrichous ciliated 
protozoa, contains both a maeronucleus (MAC), and 
a micronucleus (MIC). The MIC contains normal chro- 
mosomes, is transcriptionally inactive, and is the equiva- 
lent of a germ cell in multicellular organisms. The MAC 
is transcriptionally active and contains small gene-sized 
pieces of DNA that range in size from 500 bp to 20 kb 
(Kraut et al. 1986). The MAC is derived from MICs 
through a complex developmental process following sex- 
ual conjugation (Kraut et al. 1986). 

A number of genes from various hypotrichous ciliates 
have been cloned and sequenced. These data, together 



with  tha t  p resen ted  an this paper ,  s u p p o r t  the  hypo thes i s  
t ha t  each piece of  M A C  D N A  exists as an a u t o n o m o u s  
uni t ,  cons is t ing  o f  one cod ing  region ,  two  te lomeres ,  a n d  
all  essent ial  r egu l a to ry  sequences  ( K r a u t  et ak 198@ 
Each  o f  the  M A C  D N A  pieces is p a c k a g e d  into  mini -  
c h r o m a t i n  molecules  con ta in ing  a n u m b e r  o f  nuc leo-  
somes  and  two te lomeres  (Krau t  et al. 1986). Soluble  
c h r o m a t i n  can  be read i ly  isola ted f rom M A C s  w i t h o u t  
the  use o f  nucleases~ and  specif ic-sized c h r o m a t i n  mole -  
cules can  be enr iched  using s t a n d a r d  techniques  (Cad i l l a  
e t a l .  1986). This  i so la ted  so luble  c h r o m a t i n  exhibi ts  
m a n y  o f  the  same p rope r t i e s  as c h r o m a t i n  f rom o the r  
euka ryo t e s  (But ler  et al. 1984). The  c h r o m a t i n  s t ruc ture  
o f  i nd iv idua l  M A C  genes can  be read i ly  p r o b e d  us ing 
ind i rec t  end- l abe l ing  (Wu 1980; N e d o s p a s o v  and  G e o r -  
giev 1980). P rev ious  s tudies  in Oxytricha have  sugges ted  
t ha t  nuc l eosomes  are  pos i t i oned  i n w a r d  f rom the te lo-  
meres  (Go t t s ch l ing  a n d  Cech 1984); however ,  d a t a  on 
the Euplotes 5S gone ( R o b e r s o n  et al. 1989) and  Euplotes 
p o l y u b i q u i t i n  gone (this pape r )  suggest  otherwise.  Bo th  
Euplotes s tudies  reveal  t ha t  the  pos i t i ons  o f  nuc l eosomes  
are  charac te r i s t i c  for  each  M A C  gone. 

Materials and methods 

Euplotes cell culture, isolation of MACs, MA C DNA, t~nd chromatin 
digestions. The handling of the Euplotes cell stocks and isCatior~ 
of MACs have been described elsewhere (RobersQn et ak t989). 
DNA was prepared from nucle~ or permeabilized cells by protein- 
use K digestion (Boehringer Mannheim, 0.5 mg/ml), phenol and 
phenol:chloro form extraction, RNAse A digestion (Sigma, 100 gg/ 
ml), phenol and phenol:chloroform extraction and ethanol precipi- 
tation. Chromatin digestions for indirect end-labeling were per- 
formed on purified nuclei or permeabilized cells. Digestion parame- 
ters were as described previously (Roberson et al. 1989), except 
that methidium propyl EDTA Fe 2+ (MPE-Fe 2§ was used at 
20 gM for the chromatm digestions. PHEM buffer permeabilized 
cells were prepared as previously described (Olins et al. 1989), but 
were rinsed once with buffer prior to digestion with either DNAse 
I, micrococcal nuclease (MNase), MPE-Fe 2 +, or Bal31. The buffer 
for Bal3l digestions was essentially the same as that used for 
DNAse I and MNase, except it contained 2 mM CaC12 and MgC12, 
and 0.2 mM EDTA. 

Enzymes and radioisotopes. Restriction endonucleases, purchased 
from Bethesda Research Laboratories or New England Biolabs, 
were used according to the manufacturer's instructions with a two- 
to tenfold excess of enzyme units per microgram DNA. DNAse 
I and MNase were purchased from Worthington, and Ba131 from 
New England Biolabs. y-[3zP]ATP (>1,500 Ci/mmol), 
~-[32p]dCTP (3,000 Ci/mmol) and a-[32P]ATP (3,000 Ci/mmol) 
were purchased from New England Nuclear. 

Cloning and sequencing. The Euplotes library was prepared and 
screened as previously described (Roberson e1 al. 1989). The yeast 
ubiqu~tin clone, pUB2 (Ozkaynak etal. I987), used to screen the 
library was kindly provided by Dr. Alexander Varshavsky. A BclI- 
BstXI fragment was excised from the plasmid and labeled by nick 
translation for use as the probe. Large scale plasmid preparations 
were .performed using the alkaline lysis procedure (Birnboim and 
Doly 1979). Cloned inserts were electroeluted from agarose gels 
using DE-81 paper (Yanget al_ 1982); the DNA was eluted from 
the papefusing 1 ~5 M NaCt. Purified inserts ofpU5.3 were digested 
with EcoRI, Sau3A or HpaII and shotgun cloned into M13 mpl8 
or mp19. M13 clones were sequenced using a Sequenase kit from 

387 

U.S. Biochemicals and c~ [35S]dATP (>1,000 Ci/mmol) from 
Amersham. 

Blotting and hybridizations~ Colony transfers and Southern DNA 
blotting were performed using standard techniques (Maniatis et al. 
~982)~ All blots were hybridized in 6 x SSC, 59 gg/ml denatured 
salmon sperm DNA, 0.5% SDS, and 0,3% non-fat dry milk at 
50 ~ C. (1 x SSC is 0.15 M NaCI, 0,015 M sodium citrate.) Blots 
were rinsed at: 50~C, 0.1% SDS and 2xSSC (using the yeast 
probe); 50~C, 0.1% SDS, 0,l xSSC (using the synthetic oli- 
gomers); and 60 ~ C, 0.1% SDS, 0.1 • (using pU5.3 or one 
of its subclones). 

Copy number determination_ Various concentrations of MAC DNA 
(10 gg, i gg, 100 ng0 and 10 ng) and purified pU5.3 insert (10 
ng, 1 ng, 100 pg, and 10 pg) were etectrophoresed on. a 1% agarose 
gel, transferred to nylon and hybridized with a nick translated, 
purified pU5.3 insert. Autoradiograms were obtained from four 
different exposure times. Bands in the linear range were scanned 
using a Zeineh Soft Laser scanning densitometer (Biomedical In- 
struments). The area under the curves were used to estimate the 
number of copies of the polyubiquitin gone per cell (assuming 400 
pg DNA per MAC; Ammermann and Muenz 1982). 

Indirect end-labeling. Indirect end-labeling (Wu 1980; Nedospasov 
and Georgiev 1980) of Southern blots was performed using end- 
labeled synthetic oligomers as probes (see Fig. 2). The oligomers 
were synthesized on a Microsyn 1450 DNA synthesizer (Systec). 

Nucleosome positioning. To determine the position of individual 
nucleosomes, the average size of each of the bands seen on the 
Southern blots was calculated. Numbers were generated using 
probes from both ends of the molecules (see Fig. 2). DNA was 

Fig. 1A, B, Identification of the Euplotes ubiquitin genes. Southern 
blots of total macronuclear (MAC) DNA were probed with either 
the insert from the yeast clone pUB2 (A) or the Euplotes polyubi- 
quitin gene pU5.3 (B)~ In each panel lanes" 1 and 2 show the ethi- 
dium bromide (EtBr) stained gel with 05X174/HaeIII fragments 
as markers; lane 3 is the autoradiograph 
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E D G R T L A D Y N I Q K E S T L H L V L R L R G G M 

650 660 670 680 690 700 710 720 
CAG CAAATCTTCGTCAAGACCTTGACTGGAAAGACTATTACTCTTGACGTCGAGCAAAGCGACTATTGACAATG TAAAGA 
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CTAAAATTCAAGATAAGGAAGG AATTCCACCAGATCAG CAAAGACTCAT CTTCGCCGGAAAGCAACTCGAGGACGGAAGA 
T K I Q D L E G I P P D ~ Q R L I F A G K Q L E D G R 

810 820 830 840 850 860 870 880 
ACCCTTGCTGACTACAACATCCAGAAAGAGTC•AcACTTCACTTGGTcCTTAGACTCAGAGGAGGATTCTAATCTAA•GT 
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Fig. 2. Structure of the Euplotes 
potyubiquitin gene molecule. The 
telomere sequences have been left 
in the double-stranded form to 
show the single-stranded over- 
hangs. Putative TATA boxes and 
poIy(A) addition sites are under- 
lined. A conserved pentanucleotide 
that may be part of the telomere 
structure is underlined with aster- 
isks. The 30-mers used as probes 
in the indirect end-labeling experi- 
ments are heavily underlined 

derived from both starved and freshly fed cells and digested with 
three different cutting agents (MPE. Fe 2 *, DNAse I, and MNase). 

Results 

Identification and cloning of  the Euplotes ubiquitin genes 

In  order  to determine the n u m b e r  and  size(s) o f  the Eup- 
lores ubiquit in genes and  opt imal  condi t ions  for  screen- 
ing the library, three strips f r o m  a Southern  blot  o f  
M A C  D N A  were hybridized,  under  low stringency, with 
a nick translated,  gel-purified insert  o f  the p U B 2  yeast  
gene. Each  strip was washed at 50 ~ C with either 0.1 x ,  
1 x o r  5 x SSC. The  1 x SSC wash  gave the best signal 
with the least b a c k g r o u n d  and  is shown  in Fig. 1 A. A 
single p r edominan t  b a n d  o f  approx ima te ly  950 bp in 
size was observed. The  Euplotes M A C  library was  
screened using these condit ions.  Plasmids f rom 12 sec- 
ond  r o u n d  positive colonies were screened a third  time 
on  a Southern  blot  after digesting with PstI  to excise 
the inserts. All 12 yielded identical size inserts o f  950 
bp. Six o f  these were fur ther  tested for  restriction frag- 
ment  length po lymorph i sms  and  all yielded identical pat-  

10 20 
Euplotes MQIFVKTLTGKTITLDVEQSDTIDNVK 
TrvDanosoma A E S E 
Saccharomvces E S 
plants E S 
vertebrates & insects E P E 
Caenorhabditis E A E 

30 40 50 60 70 
TKIQDKEGI PPDQQRLI FAGKQLEDGRTLADYNIQKESTLHLVLRLRGG 
A 
S S 
A 
A S 
A S 

Fig. 3. Comparative ubiquitin protein sequences. The animal se- 
quences include data from human (Wiborg et al. 1985; Lurid et al. 
1985), chicken (Bond and Schlesinger 1985), bovine (Schlesinger 
and Goldstein 1975), pig (Einspanier et al. 1987), frog (Dworkin- 
Rastl et ai. (1984), trout (Watson et al. 1978), fruit fly (Izquierdo 
et al. 1984), and medfiy (Gavilanes et at. 1982). The plant sequence 
data include oat (Vierstra et al. 1986) and barley (Gausing and 
Barkardottir 1986). The other sequences are referenced as follows: 
Trypanosoma cruzi (Kirchhoff et al. 1988; Swindle et at. 1988), and 
yeast (Ozkaynak et al. 1987). The extra amino acid on the end 
of the last ubiquitin repat is not included here because it is not 
known for many of the species 
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Fig. 4A-F. Nucleosome positioning gels. All gels were 1% agarose. 
A, B and C Results of chromatin digestions. D, E and F Digestions 
of naked DNA. A, D EtBr-stained gels. B, E probed with the 
5' end 30-mer (see Fig. 2). C, F Probed using the 3' end 30-mer 
(see Fig. 2). A, B and C, lanes 1-4, nuclei were digested with DNAse 
I using 0, 1, 3, and 10 units/ml for 3 min at room temperature. 
A, B, lanes 5-8, nuclei were digested with 5 gM methidium propyl 
EDTA-Fe 2+ (MPE'Fe z+) for 0, 2, 5, or 10 min at room tempera- 
ture; C, lanes 5-9, permeabilized cells were digested with 20 gM 
MPE for 0, 1, 2, 5 and 10 rain at room temperature. D, E and 

F, lanes 1-3, DNA was digested with DNAse I using 0.1, 0.3 or 
1.0 units/ml for 30 s at room temperature; lanes 4-6, DNA digested 
with 5 gM MPE-Fe 2 + for 2, 7, or 20 min at room temp. Between 
panels B and C are schematic diagrams of the polyubiquitin gene. 
The striped boxes at each end denote the telomere sequences; the 
arrow denotes the direction of transcription; the gray-shaded box 
contains the coding region; and each space in the solid control 
line denotes 100 bp starting at the 5' end. Lines have been drawn 
from the schematic to the photographs to relate the approximate 
position of the bands on the gel to a position in the gene 

terns.  Res t r i c t ion  f ragments  f rom one  c lone  (pU5.3)  
were  subc loned  in to  M13 for  sequence  analysis. 

Af t e r  ident i fy ing  pU5.3  as  the  p o l y u b i q u i t i n  gene by  
sequence analys is  (see below),  pur i f i ed  inser t  f r om pU5.3  
was  labe led  and  used to p r o b e  a S o u t h e r n  b lo t  o f  M A C  
D N A .  This  p r o b e  revealed  (Fig.  1 B) two o the r  genes 
n o t  obse rved  us ing the yeas t  p robe .  These  two genes 
a r e  600 a n d  1,600 bp in size a n d  a re  p r o b a b l y  the fus ion  
genes ( t3zkaynak  et al. 1987; W i b o r g  et  al. 1985; L u n d  
et  al. 1985; K i r c h h o f f  et al. 1988) seen in o the r  euka r -  

yotes ,  whose  func t ion  has  recent ly  been ident i f ied  (Fin-  
ley et  al. 1989; R e d m a n  and  Rechs te ine r  1~)89). 

Pur i f ied  inser t  was  also hyb r id i zed  to a S o u t h e r n  b lo t  
c o n t a i n i n g  fou r  k n o w n  a m o u n t s  o f  M A C  D N A  and  four  
k n o w n  a m o u n t s  o f  pur i f i ed  insert .  A u t o r a d i o g r a m s  f rom 
va r ious  exposures  were  scanned  with  a dens i t ome te r  a n d  
a reas  u n d e r  the  curves  used  to  es t imate  the n u m b e r  o f  
copies  o f  the  p o l y u b i q u i t i n  gene per  cell. This  gave  an 
es t imate  o f  2 x 10 s copies  pe r  cell, a b o u t  20 t imes  the 
copy  n u m b e r  for  an  average  Euplotes  gene. 
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Sequence analysis of the Euplotes polyubiquitin gene 

EcoRI, Sau3A, and HpalI restriction fragments from 
the pU5.3 clone were cloned into M13 and sequenced. 
The sequence of the entire MAC DNA molecule is 
shown in Fig. 2. The entire molecule contains 954 bp 
plus 14 bases of the telomeric 3' overhang on each end. 
There are 56 bp of double-stranded telomere sequence 
(28 at each end), 690 bp in the coding region, 68 bp 
3' of the coding region and 140 bp 5' of the coding 
region. The telomere structure is identical to that found 
in Euplotes aediculatus (Klobutcher et al. 1982). The con- 
sensus pentanucleotide TTGAA (indicated by asterisks 
in Fig. 2), which is observed 17 bp in from the internal 
edge of  the C~A4 repeats in all Euplotes genes sequenced 
so far, is seen in the polyubiquitin gene, although there 
is a single change in the 3' pentanucleotide. The coding 
region contains three copies of the ubiquitin gene (228 
bp) followed by a single extra codon and the stop codon 
TAA. 

Putative regulatory sequences in this gene are hard 
to define. There are two consensus poly(A) addition sites 
(underlined in Fig. 2) within the 68 bp 3' of the coding 
region. In the 140 bp 5' upstream region there are two 
weak TATA boxes (underlined in Fig. 2) but no other 
recognizable transcriptional regulatory sequences. In the 
5' noncoding region, there is a pair of imperfect inverted 
repeats closely associated with short palindromes similar 
to putative origins of replication (Soede etal. 1977; 
Stinchcomb et al. 1980). 

Conservation of the ubiquitin protein sequence 

Evolutionarily, ubiquitin is the most highly conserved 
protein known (Sharp and Li 1987). Analysis of Fig. 3 
reveals only 6 variable positions (14, 15, 19, 24, 28, 57) 
out of  76 amino acids. Although Euplotes ubiquitin con- 
tains unique amino acids at positions 16, 19 and 28, 
only Euplotes contains a variation at position 16. 

osomes. The three well-defined susceptible regions in the 
middle are short internucleosomal spacers. The long sus- 
ceptible region at the bottom of the gel, when probed 
from the 5' end (Fig. 4B), is the spacer between the last 
nucleosome and the smallest piece of DNA that can 
be detected ( ~  100 bp). This same region is also observed 
when probed from the 3' end (Fig. 4C); it then appears 
as a lighter intensity "tai l"  below the main intense band. 
The fifth susceptible region is near the ends of the mole- 
cule. The intact polyubiquitin gene can be seen in the 
undigested lane (1 and 5) of each set. In Fig. 4B, C 
a line has been drawn through the middle of the band 
representing the intact molecule. As the digestion pro- 
ceeds, this intense band continuously decreases in size, 
revealing digestion near the telomere. Also, there is no 
well-defined telomeric complex as seen in Oxytricha 
(Gottschling and Cech 1984). 

In order to position the nucleosomes, the average size 
of each band on the autoradiographs was determined. 
The average size of each fragment was then used to 
estimate the average repeat length for each nucleosome. 
This repeat length and a value of 100 bp for the telomeric 
region (determined from other sources, since it was not 
well delineated in these experiments) was used to place 
the nucleosomes in the schematic diagram seen in Fig. 5. 

Blots of MPE or DNAse I digested naked DNA 
showed no banding pattern (Fig. 4E, F). No differences 
in chromatin structure could be observed between 
starved and refed cells. 

To determine if the ends of  the molecules are pro- 
tected, permeabilized ceils were digested with Bal31 nu- 
clease, the DNA purified, digested with AvaIt, electro- 
phoresed, transferred to nylon and probed with the en- 
tire gene. AvaII digests the polyubiquitin gene into 130 

POLYUBIQUITIN 

A T G  T A A  
_ _  i 

Chromatin structure of the polyubiquitin gene 

In an attempt to observe modulations in the chromatin 
structure of the polyubiquitin gene under different meta- 
bolic states, nucleosome positioning experiments, using 
indirect end-labeling (Wu 1980; Nedospasov and Geor- 
giev 1980), were performed on cells that were either fed 
the previous day or were starved for at least 4 days. 
Digestions were performed with PHEM buffer permea- 
bilized cells or with isolated nuclei. Both methods gave 
identical results. 

Blots probed using an end-labeled synthetic 30-mer 
homologous to the 5' end (see Fig. 2), revealed four 
closely spaced protected regions and five susceptible re- 
gions (Fig. 4B). Blots probed with a 30-mer homologous 
to the 3' end (see Fig. 2), also showed four protected 
and five susceptible regions; however, the pattern was 
slightly different. Based on these data, it is postulated 
that the four protected regions correspond to four nucle- 

~ lO0 bp 

�9 ss telomerc 

[ ]  ds  tc lomere 

[ ]  coding region 

5S 

 11tlI)( NNN 1( )/ 
Fig. 5. Chromatin structure of the Euplotes polyubiquitin and 5S 
genes. The diagrams are drawn to scale. Each telomeric complex 
occupies approximateIy 100 bp and is represented by the small cir- 
des drawn at the ends of the genes. Each nucleosome covers 146 
bp (one core particle}. The nucleosome positions were determined 
by measuring the average repeat length of each nucleosome and 
centering the core particle within that repeat. The basic length 
for the polyubiquitin gene is approximately 160 bp, whereas the 
basic repeat length for the 5S gene is approximately 180 bp 
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Fig. 6. Bal3l nuclease protection. Permeabitized cells or naked 
DNA were digested wire Bal31 nuclease, the DNA was purified, 
digested with AvaII, eIectrophoresed on a 1.5% agarose gel, trans- 
ferred to nylon, and hybridfzed to the purified ubiquitin cloned 
insert. Avail digests the potyubiq~titin gene into 130 and 390 bp 
end fragments and a 460 bp internaI fragment. Lanes 1-5, DNA 
from permeabilized cells digested with Balm at I0 units/ml for 
0, 15, 30, 60, and 90 rain. Lane5 6-10, naked DNA digested with 
Ba131 at 1 unit/ml for 0, 15, 30, 60, and 90 rain. The numbers 
at the left represent the size in base pairs of the various bands. 
The 1,600 bp band is one of the ubiquitin-ribosomal protein fusion 
genes; the 980 bp band is the intact polyubiquitin gone. The 850 
and 590 bp bands are incomplete AvaII digestion products. The 
130 bp fragment is not visible 

and 390 bp end fragments and a 460 bp internal frag- 
ment. The 130 bp fragment is not visible in Fig. 6. I f  
the ends are protected none of the fragments should 
disappear with time_ If  the ends are not  protected, the 
end fragments would disappear before the internal frag- 
ment. Figure 6 shows that the end fragments are not  
digested. The ends of  the molecules must be protected, 
although the same degree of protection against endonu- 
cleolytic attack as provided by the telomeric proteins 
of  Oxytricha is not observed. 

Digestion of  naked D N A  with Ba131 is illustrated 
in lanes 6 through 10 o f  Fig 6. Bal31 worked well under 
the digestion conditions used; naked D N A  was digested 
with tenfold less enzyme than used with permeabilized 
cells, 

Discussion 

The organization of the Euplotes ubiquitin genes is simi- 
lar to that seen in most other eukaryotes: one polyubi- 

quitin gene and one or more ubiquitin-ribosomal protein 
fusion genes. The structure of  the Euplotes polyubiquitin 
gone is extremely compact,  which is not unusual for 
genes from the hypotrichous ciliates. Tubulin and actfn 
genes from Oxytricha, Stylonychia, and Euplotes are all 
under 2 k b  in |ength (Roberson 1988; Greslin e ta l .  
1988), while some members of  the 70 kDa HSP gene 
family and one of  the histone H3 genes from E. eurysto- 
mus have less than 200 bp of  noncoding D N A  (L. 
Hauser et al., unpublished data). The lack of extraneous 
D N A  in these compact  genes should allow for ready 
analysis of  the putative regulatory sequences; however, 
few if any of the standard regulatory signals are present 
(Greslin et al. 1988; Roberson et al. 1989). The polyubi- 
quitin gene lacks the heat shock consensus element 
(HSE) seen in the yeast gene (Ozkaynak et al. 1987). 
There is a 7 out of  10 bp match to the HSE (Fig. 2, 
bp 108-121), but all known functional elements have 
a dimer (i.e., two elements in tandem) and most have 
multiple dimers. The absence of  an obvious HSE is 
somewhat surprising since ubiquitin is heat shock induc- 
ible in yeast (Finley et al. 1987), Drosophila (Lee et al. 
1988), chicken (Bond and Schlesinger 1985) and Dictyos- 
teliurn (Miiller-Taubenberger et al. 1988), although not 
in Caenorhabditis elegans (Graham et al. 1989) nor in 
trypanosomes (Kirchhoff  et al. 1988; Swindle et al. 
1988). The lack of  regulatory signals may indicate that 
these genes are continuously transcribed. Further analy- 
sis o f  the expression of  these and other  genes in the 
hypotrichs is needed in order to establish mechanisms 
for regulation of  gene expression. 

The use of  TAA as a stop codon and not  as a rare 
glutamine codon, as in most other ciliates (Helftenbein 
1985; Conzelmann and Helftenbien 1987; Caron and 
Meyer 1985; Preer et al_ 1985; Horowitz and Gorovsky 
1985; Hirono et al. 1987), correlates with its use in all 
species of  Euplotes studied (T. Reddy et al., unpublished 
data; Harper  and Jahn 1989; Miceli et al. 1989). The 
evolution of  this phenomenon is discussed elsewhere 
(Harper and Jahn 1989). In Table 1 the codon usage 
of  the polyubiquitin gone has been compared with two 
other Euplotes crassus genes (Harper and Jahn 1989). 
Since the polyubiquitin gene uses only 41 codons it has 
a bias similar to other ciliates and the E. crassus/?-tubu- 
lin gone (Harper and Jahn 1989). The bias among the 
codons for each amino acid differs from either of  the 
other two Euplotes genes, although the overall pattern 
is similar. In general, the codon bias for these three Eup- 
lows genes is very similar to other hypotrich genes, ex- 
cept for two instances (Martindale 1989). One, men- 
tioned above, is the use of  TAA as a stop codon and 
the lack of  its use along with T A G  as a glutamine codon. 
The second is the use of  G G A  as the primary glycine 
codon, while other  hypotrich genes rely primarily on 
G G T  (Martindale 1989)_ 

The presence o f  inverted repeats in close proximity 
to short palindromes is thought to be the structure of  
origins of  replication (Soede et al. 1977; Stinchcomb 
et al. 1980). There are at least two of  these structures 
in the 5' noncoding region of  the gone. Whether these 
are true origins of  replication is purely speculative due 
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Table 1. Euplotes codon usage 
Codon Amino acid Act Tub Ubi Codon Amino acid Act Tub Ubi 

TTT F 2 0 1 TAT Y 6 2 1 
TTC F i2 23 5 TAC Y 11 14 2 
TTA L 2 1 2 TAA -- 1 1 1 
TTG L 9 17 5 TAG - 0 0 0 
CTT L 4 0 11 CAT H 2 4 0 
CTC L 7 15 9 CAC H 4 6 3 
CTA L 3 0 0 CAA Q 11 10 18 
CTG L 2 0 0 CAG Q 3 11 3 
ATT I 8 3 13 AAT N 5 1 1 
ATC I 15 15 8 AAC N 5 20 5 
ATA I 0 0 0 AAA K 9 2 2 
ATG M 12 20 3 AAG K 20 13 19 
GTT V 11 8 2 GAT D 16 6 8 
GTC V 11 19 8 GAC D 10 21 13 
GTA V 4 3 2 GAA E 16 27 6 
GTG V 1 2 0 GAG E 16 9 6 

TCT S 2 8 1 - TGT C 4 3 0 
,~CC S 4 16 1 TGC C 6 5 0 
TCA S 8 3 3 TGA - 0 0 0 
TCG S 0 1 0 TGG W 4 4 0 
CCT P 1 0 0 CGT R 0 0 0 
CCC P 0 0 1 CGC R 1 0 0 
CCA P 16 19 5 CGA R 0 0 0 
CCG P 0 0 0 CGG R 1 0 0 
ACT T 10 10 12 AGT S 2 0 0 
ACC T 7 17 9 AGC S 3 0 1 
ACA T 4 1 3 AGA R 13 22 12 
ACT T 0 0 0 AGG R 2 0 0 
GCT A ll) 10 4 GGT G 9 7 2 
GCC A 3 16 ~ GGC G 1 1 1 
GCA A 9 1 1 GGA G 20 30 15 
GCG A 1 0 0 GGG G 1 0 0 

Act, Euplotes crassus actin (Harper and Jahn 1989); Tub, E, crassus tubulin (Harper and 
Jahn 1989); Ubi, Euplotes eurystomus ubiquitin (this paper) 

to the lack of  information about replication in this or- 
ganism. 

All three tandem copies o f  the ubiquitin coding region 
code for an identical protein, even though they vary 
by 30-35 bp from one another. This degree o f  variation 
is comparable to the variability in the repeats in the 
yeast polyubiquitin locus. Both yeast and Euplotes con- 
tain substantially greater variation than other species 
(Sharp and Li 1987). There is no evidence for any gene 
conversion or unequal crossing over events within the 
locus; the single base pair substitutions that occur are 
relatively random over the entire coding region. This 
implies that the number of  repeats within the gene has 
been fixed for a long period of  time. The presence of  
only three tandem copies in the polyubiquitin gene could 
decrease the chances o f  recombinational events, since 
close proximity of  the ends o f  an array seem to reduce 
recombination frequency (Sharp and Li 1987). 

An analysis of  the rate of  evolution of  the ubiquitin 
protein sequence has recently been published (Sharp and 
Li 1987). The data presented in Fig. 3 reveal only six 
variable positions in a range of  species representing 
many of  the major eukaryotic groups. At positions 16 
and 24, D and E can be interchanged; while, at positions 
14, 28 and 57, A, S and T can be exchanged. These 

represent conservative (D~--~E) or, at worst, neutral (T~--, 
S,--~A) changes. Only at position 19 are the changes truly 
non-conservative (P+-*S~--~Q~A); even then, there is no 
alteration of  charge. Three of these changes are specific 
to Euplotes: D at position 16, Q at 19, and T at 28. 
All six positions seem to be at the surface of  the molecule 
(Ecker et al. 1987), and variations at positions 19, 24, 
and 28 do not affect ubiquitin function (Ecker et al. 
1987). 

The chromatin structure of  the polyubiquitin gene 
has some unique features. This gene contains 954 bp 
(plus the 14 base 3' telomeric overhang on each end), 
thus greatly restricting the number and placement of  
nucleosomes. I f  one assumes 100 bp for each telomeric 
complex, the remainder, divided equally (754/4) yields 
an average nucleosome repeat length of  189 bp, in agree- 
ment with a previously determined value for Eup[otes 
bulk chromatin o f  190 bp (Cadilla et al. 1986). In con- 
trast, the observed average repeat length for the four 
nucleosomes on the polyubiquitin gene is less than 165 
bp and all are spaced inward from the 3' telomere. This 
leaves about 120-150 bp free of  nucleosomes at the 5' 
end. Nucleosome positions in three other hypotrich 
genes have been determined: the 5S gene from E. eurys- 
tornus (Roberson et al. 1989), and the r D N A  and C2 
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genes f rom Oxytricha (Gottschting and Cech 1984). In 
all three of  these genes the nucleosomes are spaced ap- 
proximately evenly over the available D N A .  In addition, 
bulk chromat in  f rom Oxytricha seems to be phased in 
f rom the telomeres (Gottschling and C.ech 1984). 

Tt/e mos t  relevant compar ison to the Euplotes polyu- 
biquitin gene is the Euptotes 5S gene, since it is approxi-  
mately the same size. Figure 5 is a compar ison  of  the 
two genes and illustrates the dramat ic  difference in their 
chromat in  structure. It is probable  that  these two Eup- 
lotes genes employ different polymerases and their chro- 
matin structure could reflect this difference. The com- 
pacting of  the nucleosomes toward the 3' end of  the 
polyubiquit in gene could be due to a number  of  reasons. 
R N A  polymerase II  might also be sitting in the non- 
nucleosomal area in all the genes, but  the lack of  any 
protection f rom nucleases or M P E ' F e  z+ appears  to 
argue against this. A small trans-acting factor may  be 
bound in this region; however, the resolution of  these 
experiments is not  sufficient to detect small proteins 
bound in this region. 

Despite the seeming lack of  protect ion of  the non- 
nucleosomal D N A  at the 5' end it does not contain a 
DNAse  I hypersensitive site which many  trans-acting 
factors can induce. The rate of  cleavage of  this D N A  
appears to be comparable  to that  o f  nucleosomal spacer 
D N A  in the rest o f  the gene. At tempts  at in vivo foot- 
printing of  this region have been unsuccessful. Indirect 
end-labeling using a probe f rom the middle of  the gene 
is not feasible because of  the repetitive nature of  the 
coding region. 

The nucleosome positioning experiments do not  pro- 
vide any reliable evidence for protect ion of  the telo- 
meres. The relatively rapid, small decrease in size of  the 
intact gene during these digestions implies poor  protec- 
tion of  the telomeres, Ba131 digestion shows that, at 
least, the very ends of  the molecules are protected. Close 
examinat ion of  Fig. 4B, C does not  reveal any distinct 
Separation between the intact molecule and the 150 bp 
unprotected region at the 5' end, or the first nucleosomal 
region at the 3' end, arguing against a telosome like 
that  seen in Oxytricha (Gottschling and Cech 1984). 

The telosomes of  Oxytricha are formed by two differ- 
ent proteins. Euplotes appears  to possess only one telo- 
mere binding protein (D. Olins and A. Herrmann,  un- 
published observations) which may  be protecting the sin- 
gle-stranded overhang and closely neighboring double- 
stranded D N A .  It may  also affect neighboring D N A  
by generating a DNAse  I hypersensitive site (Levinger 
and Varshavsky 1982) (which is also sensitive to MPE-  
Fe z +), effectively removing the extreme ends of  the mol- 
ecules during digestion, generating the rapid decrease 
in size of  the intact molecule. Alternatively, the single 
Euplotes telomeric protein may  only protect  the single- 
stranded overhang,  and the rapid decrease in size reflects 
the removal  o f  each single-stranded overhang in a single 
cleavage event, I t  is unlikely that  the single telomeric 
protein would protect  only the double-stranded port ion 
of  the telomere, since there is no decrease in size of  
the end fragments  during Bal31 digestion. Further  exper- 
imentation is necessary to determine the chromatin 

structure of  the polyubiquitin gene and its relation to 
the regulation of  expression. 
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