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Coupling of Tetrahymena Ribosomal RNA Splicing to 
P-Galactosidase Expression in Escherichia coli 

Abstract. Splicing of the Tetrahymena ribosomal RNA precursor is mediated by 
the folded structure of the RNA molecule and therefore occurs in the absence of any 
protein in vitro. The Tetrahymena intervening sequence (ZVS) has been inserted into 
the gene for the a-donor fragment of p-galactosidase in a recombinant plasmid. 
Production of functional p-galactosidase is dependent on RNA splicing in vivo in 
Escherichia coli. Thus RNA self-splicing can occur at a rate suficient to support 
gene expression in a prokaryote, despite the likely presence of ribosomes on the 
nascent RNA. The p-galactosidase messenger RNA splicing system provides a 
useful method for screening for splicing-defective mutations, several of which have 
been characterized. 

Many eukaryotic genes contain in- 
trons, or intervening sequences (IVS), 
that must be removed from their RNA 
transcripts by a cleavage-ligation reac- 
tion termed RNA splicing (I). In one 
class of splicing reactions the RNA me- 
diates its own splicing. Examples include 
the nuclear ribosomal RNA (rRNA) pre- 
cursor of the ciliated protozoan Tetrahy- 
menu (2,3), as well as various mitochon- 
drial messenger RNA (mRNA) and 
rRNA precursors in fungi (4). The RNA 
lowers the activation energy for specific 
cleavage-ligation reactions by providing 
a binding site for guanosine, one of the 
reactants, and by straining or activating 
the phosphates at the splice sites (5, 6). 
In addition, a portion of the IVS may 
bind one or both adjacent rRNA coding 
regions (exons) to facilitate their ligation 
(7). 

RNA self-splicing in vitro requires 

only monovalent and divalent cations 
and some form of the nucleoside guano- 
sine (2, 3). We therefore reasoned that it 
should take place to some extent in vivo, 
even in a prokaryotic cell where RNA 
splicing is not a normal feature of gene 
expression. We have now tested this 
idea by inserting the Tetrahymena IVS 
and a small portion of the exons within 
sequences coding for p-galactosidase. 
Both genetic and physical evidence sup- 
port the conclusion that accurate RNA 
splicing occurs in E. coli to produce 
functional mRNA. The system has been 
used to isolate mutants that are defective 
in splicing. Thus, classical genetic tech- 
niques can now be used to investigate 
structure-function relations in the self- 
splicing IVS. 

Plasmid pUC8 encodes the NH2-ter- 
minal portion (a-donor fragment) of the 
p-galactosidase protein (8). The a-donor 

polypeptide can combine with a defec- 
tive p-galactosidase protein (a-acceptor) 
to restore enzyme activity (9). A frag- 
ment of the Tetrahymena rRNA gene 
containing the IVS was inserted in the 
Bam HI restriction site within the a- 
donor coding region of pUC8 (Fig. 1A). 
The 413-nucleotide IVS contains stov 
codons in all three reading frames, which 
would cause premature termination of a- 
donor translation. If RNA splicing oc- 
curred, however, the small portions of 
the exons included in the insert would be 
joined to give an open reading frame. 
Extra amino acids can be tolerated in the 
a-donor fragment without destroying ac- 
tivity. Thus, p-galactosidase expression 
would be contingent on RNA splicing 
(Fig. 1B). 

Escherichia coli strain JM83 (8) was 
transformed with the recombinant plas- 
mids and plated on agar containing ampi- 
cillin and X-gal (5-bromo-4-chloro-3-in- 
dolyl-p-D-galactoside). X-gal is a histo- 
chemical substrate for p-galactosidase 
and is converted to a blue dye after 
hydrolysis by the enzyme. Approximate- 
ly half of the colonies were white (no @- 
galactosidase expression); the remainder 
were mostly very pale blue, while a few 
were blue. Restriction endonuclease 
cleavage analysis of plasmids from three 
colonies of each color group indicated 
that the white colonies contained the 
Tetrahymena insert in the ihcorrect ori- 
entation, whereas the blue and very pale 
blue colonies contained the insert in the 
correct orientation. Nucleotide seauenc- 
ing of plasmids from three blue colonies 
(including pPG-IVS1) indicated that in 
each case one nucleotide had been in- 
serted at the upstream Barn HI site dur- 
ing cloning (Fig. 1C). The deletion was 
such that the open reading frame of the 
ligated exons was put in-frame with the 
P-galactosidase coding sequences. 
Translation of the resulting mRNA 
would give an a-donor polypeptide con- 
taining 18 amino acids more than that 
produced by pUC8, and should give B- 
galactosidase activity (10). In the plas- 
mids from the very pale blue colonies, 
such as ppG-IVS13, both Bam HI sites 
were intact (Fig. 1C). Sequencing indi- 
cated two termination codons in the pro- 
tein reading frame, which should elimi- 
nate P-galactosidase activity (8). The re- 
sidual p-galactosidase activity conferred 
by these plasmids may be due to occa- 
sional splicing to a site upstream from 
the termination codons in the correct 
reading frame. 

Several lines of evidence indicate that 
production of p-galactosidase in pPG- 
IVSl is dependent on proper splicing of 
the a-donor pre-mRNA. The extra nu- 
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Fig. 1. Plasmid constructed to obtain splicing- A 
dependent expression of P-galactosidase. (A) 
A Bam HI restriction fragment containing the 
Tetrahymena ribosomal RNA gene IVS and 
small portions of the adjoining exons was 
inserted into the Bam HI restriction site in the 
multiple cloning site of pUC8 (8) such that the 
a-donor coding sequences were interrupted. 
The Tetrahymena fragment was isolated from 
pJE457, which had been constructed from 
pIVSl 1 (3) by deletion of most of the exons 
and the addition of synthetic Bam linkers. ppG- IVSI  
(Thick line) a-Donor coding sequences; 
(wavy line) IVS; (diamond) initiation codon 
for a-donor protein synthesis; (squares) Tet- 
rahymena exon sequences; (open triangles) 
Bam HI restriction sites; (filled triangle) posi- ---. 
tion of the Bam HI restriction site that was --. 
destroyed during cloning of pPG-IVS I. (B) --. . 

' . 
Model describing the expected translation / 

products of pPG-IVSI transcripts with and /' 
without RNA splicing. (X) Stop codon in the , / 
RNA that causes oremature termination of ' O A G - I V S I  IVS  V I 

7 7 -  - -. - . . . U__I - - -- the a-donor polypeptide. The firs1 such codon y'.:.-t.:t,.:: .t:,,::::;-:-- . . .  .~~~::;,L::::~:,;-~.-G,::~:~~"L.-~:.-~. 
is at  nuc]eotides 62 to 64 p;ist the 5 '  " . v * - " = . : '  - ~ - L ~ I : = ~ L ~ ; : ' ~ S = ~ ~ ~ - - ; ' , L ~ I ~ , - L ~ D S  C - L  jj.i':l..jj~ns.o..i'l~ ; - . , , S ? < . +  ,s: 

(C) DNA sequences determined by the di- p O G - I V S I ~  V (\ S p l ~ c ~ n g  

deoxynuc]eotide method (18). The 5' region A U G A C C A U G A U U A C G A A U U C C C G G G G A U C C G C C G G G U A A C U A U a C U C U C U A A A U A G . .  . . . 
HetThrUetIleThrAsnSerArgGlySerAlaGlyTer T e r  was sequenced by extension of a primer com- 

plementary to nucleotides 67-83 of the IVS 
and confirmed by sequencing the opposite strand with the M13 reverse sequencing primer (19). The 3' region was sequenced with the M13 
sequencing primer (Bethesda Research Laboratories, 121 1). Only one open reading frame (codons underlined) extends through the Tetrahymena 
exon sequences. 

cleotide present in ppG-IVS13 relative to 
pPG-IVS1 results in the elimination of 
most of the p-galactosidase activity, con- 
sistent with most of the translation start- 
ing at the normal AUG (A, adenine; U, 
uracil; G, guanine) initiation codon. If 
the functional a-donor fragment were 
made from some AUG brought in with 
the Tetrahymena insert, the two plas- 
mids should produce equal amounts. 
Non-overlapping deletions within the 
IVS that eliminate splicing activity also 
eliminate P-galactosidase expression 
(see below), and thus provide additional 
evidence that splicing is required for 
expression. The effect of these deletions 
cannot be explained by the elimination of 
some hypothetical site for reinitiation of 
protein synthesis within the IVS, be- 
cause the remaining portion of the IVS 
downstream from the deletions contains 
stop codons in all reading frames. 

The efficacy of the system for isolation 
of splicing-defective mutants was tested. 
Plasmid pPG-IVSl DNA was linearized 
at either of two single-copy restriction 
endonuclease cleavage sites within the 
IVS, the Sph I site at position 42 of the 
IVS or the Bgl I1 site at position 236. 
Deletions were made with nuclease BAL 
31. When cells were transformed and 
assayed on X-gal plates, colonies ranging 
in color from blue to pale blue and white 
were obtained. The frequency of colo- 
nies expressing P-galactosidase de- 
creased as the average extent of deletion 
increased. Deletion of an average of 13 
nucleotides from the Sph I site or of 25 

nucleotides from the Bgl I1 site eliminat- 
ed activity in 75 percent of the colonies. 

Plasmids were isolated and subjected 
to nucleotide sequence analysis (Table 
1). There was a good correlation be- 

Table 1. Small deletions within the IVS elimi- 
nate P-galactosidase activity. Plasmids con- 
taining deletions were constructed as de- 
scribed (11). The pPGB and pPGS plasmids 
have deletions from the Bgl I1 and Sph I sites 
of pPG-IVS1, respectively. Colonies showing 
a range of P-galactosidase activity were 
picked and grown in liquid culture. Plasmid 
DNA was isolated (20) and sequenced by the 
dideoxynucleotide method (18). A primer 
complementary to nucleotides 274 to 288 of 
the IVS was used to sequence the deletions 
from the Bgl I1 site, and a primer complemen- 
tary to nucleotides 67 to 83 was used to 
sequence the deletions from the Sph I site. 
Nucleotide, nt. 

Deletion 

Plasmid Color 
Position Size 

(nt) 

Blue 
Pale blue 
Pale blue 
Pale blue 
Paler blue 
White 
White 
White 
Blue 
Pale blue 
White 
White 
White 

*Two independent isolates of each of these dele- 
tions. tFive independent isolates of this dele- 
tion. 

tween p-galactosidase activity in vivo 
and self-splicing activity in vitro. The 
deletion of nucleotides 230 through 245 
in pPGB-3 largely removes stem-loop 
element "f" in the IVS secondary struc- 
ture (12) but retains full P-galactosidase 
activity, consistent with our previous 
conclusion that stem-loop "f" is dis- 
pensable for self-splicing (11). The dele- 
tion of nucleotides 230 through 240, a 
smaller deletion that removes only part of 
stem-loop "f", has reduced p-galacto- 
sidase activity. The remaining nucleotides 
may lead to the formation of a counterpro- 
ductive structure. This, however, was an 
exception; in general, increasing deletion 
size correlated with loss of enzyme activi- 
ty. Plasmid ppGB-43 (A225-247) gives a 
pale blue colony, and a very similar con- 
struct (pGKA225-248) has about 2 percent 
of normal splicing activity in vitro (11). 
The plasmids pPGB-4 (A226-251) and 
pPGB-5 (A225-251) give white colonies, 
while a construct with a slightly larger 
deletion (pGKA224-252) has been shown 
to have very low activity (<2 percent) in 
vitro (11). Thus, for these mutants the 
limit of detection of p-galactosidase activi- 
ty corresponds to about 2 percent residual 
self-splicing activity. 

Deletions from the Sph I site affect 
stem-loop element "b" (nucleotides 31 
to 40 pairing with 47 to 56) in the IVS 
secondary structure (12). We previously 
found that constructs missing nucleo- 
tides 41 to 44 in the hairpin loop had 
approximately normal splicing activity, 
whereas larger deletions that destabi- 
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lized the stem had substantially reduced 
activity (11). The same trend is seen with 
p-galactosidase activity in Table 1: 
ppGS-1 has somewhat reduced activity, 
while ppGS-8 and ppGS-7 have no de- 
tectable activity. 

Clearly the amount of p-galactosidase 
activity could depend on factors other 
than intrinsic self-splicing activity of the 
RNA. Thus, structural alterations of the 
IVS that lead to very rapid degradation 
of precursor RNA by cellular nucleases 
could produce a p-galactosidase-defi- 
cient phenotype without being altered in 
splicing efficiency. Mutants obtained in 
vivo must therefore be assayed for splic- 
ing in vitro before firm conclusions can 
be drawn. 

Analysis of the steady-state RNA pop- 
ulation in cells harboring the various 
plasmids provided additional evidence 
for RNA splicing in E. coli, and evidence 
that splicing follows $he same pathway 
described for Tetrahymena (2, 13, 14). 
Cells containing ppG-IVS1 had a large 
amount of RNA that hybridized to an 
IVS probe (Fig. 2). A small portion of 
this RNA was authentic excised linear 
IVS RNA, as judged by the following 
criteria. It was the correct size (resolved 
within five nucleotides); it underwent 
autocyclization (Fig. 2A), evidence of a 
correct 3' end and a free 3' hydroxyl 
group (14); and it had the same 5' end as 
the intact linear IVS, including the extra 
nucleotide added during IVS excision 
(Fig. 2B and additional data not shown). 
A small amount of IVS RNA was also 
observed to migrate as the circular spe- 
cies. 

The major portion of the IVS-specific 
RNA appeared on the ethidium-stained 
polyacrylamide gel as a closely spaced 
doublet of bands, indicated by the arrow 
in Fig. 2A. One band was measured to be 
about 20 nucleotides smaller than au- 
thentic excised IVS RNA and one about 
25 nucleotides smaller. Nucleotide se- 
quence analysis showed that this RNA 
had two distributions of 5' ends at nucle- 
otides 18 to 21 and 23 to 26 (Fig. 2B). 
These results were confirmed by se- 
quence analysis of the isolated RNA. 
Thus, these molecules are not the L-15 
and L-19 IVS RNA products of self- 
catalyzed hydrolysis of circular IVS 
characterized previously (6). It is likely 
that the heterogeneous 5' ends are pro- 
duced by the action of cellular nucleases 
on linear IVS RNA. Alternatively, it is 
possible that this RNA never underwent 
splicing, and is simply the nuclease-re- 
sistant core resulting from degradation of 
the precursor RNA in E. coli. Finally, 
there was a diffuse band of IVS-contain- 
ing RNA of higher molecular weight. 
10 MAY 1985 

This RNA also hybridized to a probe to 
the 3' exon (data not shown), and is 
presumably the a-donor pre-mRNA. 

Blot hybridization with RNA from 
cells containing ppG-IVS13 showed an 
amount of IVS RNA comparable to that 
found in cells containing ppG-IVS1 (Fig. 
2C), consistent with the loss of p-galac- 
tosidase activity being due to early ter- 
mination of translation and not to some 
defect in splicing or transcription. Blot 
hybridization was also performed on 
RNA from cells containing plasmids with 
deletions in the IVS (Fig. 2C). The size 
of the IVS RNA decreased in proportion 
to the size of the deletion, as expected. 
The abundance of the IVS RNA in the 
cells did not necessarily correlate with 
the amount of p-galactosidase activity, 

PBG- vBG- PBG- PB-- 
IVS1 4 IVS 1 

-- - .- - 

perhaps because of differential RNA sta- 
bility in vivo. RNA from one white colo- 
ny (ppGB-4) contained a small amount of 
large IVS-containing RNA but no detect- 
able excised IVS RNA. 

In conclusion, it appears that accurate 
splicing of the Tetrahymena IVS occurs 
in E. coli. Splicing in E. coli appears to 
follow the pathway described in vitro, 
including the highly characteristic addi- 
tion of a nucleotide to the 5' end of the 
excised IVS RNA. Although Tetrahyme- 
nu pre-rRNA splicing has minimal re- 
quirements in vitro, it is somewhat sur- 
prising that it takes place in E. coli with 
high enough efficiency to support p-ga- 
lactosidase expression. Unlike eukary- 
otes, bacteria have coupled transcrip- 
tion-translation; the presence of ribo- 

in vitro 

Fig. 2. Identification of IVS-containing RNA species in E. coli by RNA blot hybridization and 
primer extension. (A) RNA was purified from E. coli containing various plasmids. RNA (20-pg 
samples) was fractionated by electrophoresis in a 4 percent polyacrylamide, 8M urea gel and 
visualized by ethidium bromide staining. The gel was soaked in 100 mM NaOH for 20 minutes, 
and neutralized in phosphate buffer, pH 6.5; the RNA was electrophoretically transferred to 
Gene Screen (New England Nuclear). Hybridization was performed with a 32P-labeled 
oligodeoxynucleotide complementary to nucleotides 67 to 83 of the IVS. (Left) Ethidium 
bromide-stained gel. (Right) Autoradiogram showing IVS-containing RNA. (+) Purified RNA 
incubated in 200 mM sodium acetate, 10 mM MgC12, 30 mM tris, pH 7.5, 0.1 percent sodium 
dodecyl sulfate, 0.30 mM GTP (guanosine triphosphate) for 30 minutes at 42OC (IVS splicing and 
cyclization conditions). (-) No incubation. (M) Marker RNA was transcribed in vitro from 
pSPlTlA3 with SP6 RNA polymerase; the resulting pre-rRNA (P, 766 nucleotides) was gel- 
purified and incubated for 10 minutes under splicing and cyclization conditions, giving C 
(circular IVS), L (linear IVS, 414 nucleotides), L-15 (reopened circle, 399 nucleotides), and E 
(ligated exons, 353 nucleotides). The arrow indicates the prominent doublet of IVS-containing 
RNA. (B) Total cellular RNA from bacteria canying ppG-IVSl was analyzed by primer 
extension and dideoxynucleotide sequencing (18) to determine the 5' ends of IVS RNA 
molecules. A primer complementary to nucleotides 67 to 83 of the IVS was hybridized to RNA 
and extended by reverse transcriptase in the presence of all four deoxynucleoside triphosphates 
(11). A single ddNTP (dideoxynucleoside triphosphate) was included in each reaction. A, G, C, 
and U indicate the ribonucleotide complementary to the ddNTP that was added. (0)  No ddNTP 
added. (in vitro) The same reactions were performed on products of in vitro splicing of pre- 
rRNA (incubated in 5 mM MgCI,, 200 mM ammonium acetate, 30 mM tris, pH 7.5,0.20 mM 
GTP at 30°C for 45 minutes, conditions that favor accumulation of linear IVS RNA). Arrows at 
the left indicate major stops in the in vivo RNA preparation; they are interpreted to be ends of 
molecules. L and L-15 indicate stops corresponding to the 5' ends of the linear IVS and the L-15 
IVS, which is the product of reopening of circular IVS. Molecules extending beyond the 5' 
splice site had the sequence of precursor RNA (not shown). Sequences were analyzed on an 8 
percent polyacrylamide, 8M urea gel. (C) RNA blot hybridization as in (A), showing patterns of 
IVS RNA's from cells carrying various plasmids. Ethidium bromide staining of the gel (not 
shown) indicated equivalent amounts of cellular RNA in all lanes. 
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somes on the nascent pre-mRNA might PUCE. The difference in P-galactosidase activity 
between these plasmids may be due to the extra 
amino acids in the proteins rather than different 
amounts of enzvme (8) .  
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efficiency of splicing in vivo are un- 
known. Because the a-donor gene is 
present on a multiple-copy plasmid, even 
inefficient splicing might give full com- 4 February 1985; accepted 14 March 1985 B. P. ~ a i n k ,  R. Gupta, C. R. Woese, Proc. 

plementation of P-galactosidase activity. 
Thus RNA splicing, generally consid- 

ered to be a eukaryotic phenomenon, 
can take place in a prokaryote. In addi- 
tion to the artificial example reported 
here, there may be naturally occurring 

Individual Tumors of Multifocal EB Virus-Induced Malignant 
Lymphomas in Tamarins Arise from Different B-Cell Clones 

cases; there is now evidence for splicing 
of phage T4 thymidylate synthase 
mRNA (15), and some archaebacterial 

Abstract. Cotton-top tamarins were inoc~rlated with ~u$cient Epstein-Burr vlrus 
to induce multiple tumor7 in each animal within 14 to  21 days. The tumors con~isted 
of large-cell lymphomas that contained multiple copies of the Epstein-Burr virus 
genome and generated Epstein-Barr virus-carrying cell line7 showing no detectable 
con~istent  chromosomal abnormality. Hybridization oj  tumor D N A  with ~mmuno-  
globulin gene probes revealed that each lymphoma was ollgo- or monoclonal in 
origin and that individual tumors from the same animal arose from dlrerent B-cell 
clones. Thus the virus induced mnltiple tran~formation event7 in tamarins in vivo to 
carl~e malignant tumors resembling the Epstein-Barr virus-as~ociuted lymphonlas of 
patients with organ  transplant^. 

transfer RNA's contain insertions that 
may be intervening sequences (16). It is 
not yet clear why RNA splicing is not a 
more common feature of gene expres- 
sion in E.  coli, and whether it might be 
more common in other prokaryotes. 

On a practical level, a simple color 
assay can now be used as a screen for 
splicing-deficient mutants generated by 
either random or site-specific mutagene- The strong links between Epstein-Barr 

virus (EBV) and endemic Burkitt's lym- 
rins. Because of this and the disputed 

sis. The system also should allow selec- clonality of the resultant tumors, we 
have reinvestigated the tamarin lesions 
with reference to EBV carcinogenicity 
and similarities to the tumors of organ 

tion for second-site revertanh, which are 
most valuable for identifying or confirm- 
ing secondary and tertiary structures 
that facilitate splicing (17). Such studies 

phoma suggest that the virus activates 
the complicated chain of events that 
cause the tumor ( l , 2 ) .  EBV was recently 
implicated in the etiology of the lympho- 
mas seen with undue frequency in immu- 
nosuppressed recipients of human allo- 
grafts (3, 4). These lymphomas in trans- 

graft patients. 
are essential for establishing the struc- 
ture-function relationships of self-splic- 
ing RNA. 

JAMES V. PRICE 
THOMAS R. CECH 

Department of Molecnlar, Crllnlar and 

Cotton-top tamarins (Saguinus oedi- 
pus oedipus) were bred successfully in 
captivity (I I). Suspensions of EBV were 
prepared from B95-8 cells (12); culture 
supernatants were concentrated by 2 
hours of centrifugation at 100,000g and 

plant patients have been controversial, 
since most were thought to be polyclonal 
and therefore hyperplastic, and some 

Developmental Biology and Department 
of Chemistry, Universitl): of Colorado, 
Boulder 80309 

have regressed (5). However, Southern 
blot hybridization to detect clonal immu- 
noglobulin (Ig) gene rearrangements (6) 

the pellet was carefully resuspended in 1 
percent of the original fluid volume by 
drawing in and out through four graded 

in lymphomas from cardiac transplant 
recipients has shown monoclonality at 
first presentation (9, and thus that the 

needles of 26 to 19 gauge. The suspen- 
sion was passed through a Millipore filter 
(pore size, 1.2 pm) and titrated in fetal 
cord blood lymphocytes (13); the titra- 
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