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Introns	and	evolution	

Independent loss 
of introns in 
different branches  

Why loss is 
not complete? 

24 July 2018 ncRNA in yeast introns, Benasque 2018 2 

Adapted from Irimia et al. (2008)  



Reasons	for	intron	retention	

•  Evolutionary	remains	
•  Functional:	

– Splicing	
– Sequence	of	intron	
– Structure	of	intron	
– Non-coding	RNA	genes	
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intron structure (in cis) 

ncRNA (in trans) 



Intron	evolution	in	Saccharomycotina	
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•  WGD	
•  250	orthologous	

introns	in	20	species	
•  Perfect	intron	losses	

(gene	replaced	with	its	
mRNA	by	homologous	
recombination)	

•  Some	evidence	for	
micro-homology	
mediated	loss	

Hooks et al., Genome biology and evolution (2014)  



Intronic	ncRNA	(in	trans)	
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Intron	structure	(in	cis)	
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Hooks et al., Genome biology and evolution (2014)  



Approach	

306 introns 
•  orthologs (genes) 
•  alignments (mafft) 
•  ncRNA prediction 
(RNAz, cmfinder, Evofold 
+ infernal) 

~20 candidates 

•  RT-PCR 
•  Northern 
•  RNAseq 
•  knock-outs 
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Computational	screen	

•  14 intersecting predictions 
+ 2 paralogs 
+ 3 other high-scoring 
 
•  conserved RNA structures up 
to Candida sp. 

•  only two from 19 RNA 
structures predicted in introns 
have not been shown to have 
function or a phenotype when 
deleted 
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Hooks et al., Genetics (2016)  



RT-PCRs	
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spliced 
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++ 

snoRNAs 
putative ncRNA 

intronic 
ncRNA 

Hooks et al., Genetics (2016)  



RT-PCRs	
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Hooks et al., Genetics (2016)  



RT-PCRs	

intronic 
ncRNA 
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intron 
maintained 

intron 
retained 

RPS22B (snR44) 
GLC7 

RPL7B 
MTP5 

NOG2 (snR191) 
RPS13 
RPS9B 
RPL7A 

RPL22A 
RPS22B 5’UTR 

IMD4 (snR54) 
PSP2 

RPS9A 
RPL28 

RPL22B 
RPL18A/B 

YRA1 Hooks et al., Genetics (2016)  



RNA	structure	and	introns	
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1.   HAC1 / XBP1 

2.   GLC7 

3.   RPL28 



HAC1	
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Filipiowicz, EMBO J (2014)  



HAC1	
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Filipiowicz, EMBO J (2014)  

	Hooks & Griffiths-Jones, RNA Biol (2011)  



HAC1	conservation	
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RNA	structure	and	introns	
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1.   HAC1 

2.   GLC7 

3.   RPL28 

 

unconventional splicing 



GLC7		
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Hooks et al. (2016)  

GLC7 ncRNA indicated by RT-PCR and the Northern 
 
GLC7 codes for a crucial protein phosphatase catalytic subunit 



GLC7	phenotype	

ncRNA deletion 
mutant is sensitive to 
salt stress 
 
ncRNA deletion 
decreases the GLC7 
expression 
 
no rescued by ncRNA 
expression 
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Hooks et al., Genetics (2016)  



RNA	structure	and	introns	
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1.   HAC1 

2.   GLC7 

3.   RPL28 

 

unconventional splicing 
 
 
conveys resistance to salt stress 



RPL28	structure	

•  Similar hairpin structures in pre-
mRNAs of RPS14B, RPL30 and 
RPL28 
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RPL28	structure	

•  Similar hairpin structures in pre-
mRNAs of RPS14B, RPL30 and 
RPL28 

•  pre-mRNA structure is 
recognized by ribosomal proteins 
with lower affinity than their 
rRNA targets 
  
•  Negative autoregulatory loop 
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RPL28	expression	

RPL28, RPS14B and RPL30 are one of the most 
expressed introns not containing any snoRNA 
 
 
Does RPL28 employ the same mechanism for 
expression regulation? 
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~A 

A 
Fig. 3. Northern blot analysis of total 
RNA from cells transformed with the 
CYH2 gene (7) or the indicated 
deletions Tdl-Td5). A black dot 
indicates the TACTAAC box. 
Conditions as described in Fig. 1 

xho ! C YH 2 

rd l  I 

Tdr I 

Fig. 4. Northern blot analysis of total 
RNA from cells transformed with the 
indicated constructions Tdl] and Tdrt. 
pre-mRNA (g): Transcripts from the 
genomic copy of the CYH2 gene. pre- 
mRNA (p): plasmid-derived transcripts 
of the deletions. Conditions as described 
before 

These results are consistent with the findings o f  Klinz 
and Gallwitz (1985) using the fl-actin gene. Based on our 
results one could argue that there is a threshold for splicing 
efficiency. All introns larger than about  800 bp are spliced 
out poorly, if at all, regardless of  the particular sequence 
used for extension. 

Intron deletions improve splicing efficiency 

To define whether deletions of  sequences within the natural 
intron influence splicing efficiency of  the C Y H 2  transcript, 
we constructed a series of  deletions leaving the 5' sequences 
and the T A C T A A C  box intact. These deletions show a 
dramatic effect on the precursor level (Fig. 3): the splicing 
efficiency is almost fully restored. In all mutants the gene 
is transcribed as a precursor, whose length is consistent 
with the size of  the deletions as shown by Northern analysis 
of  cells containing these constructions grown at the non- 
permissive temperature of  36 ° C (Fig. 3). Sequence analysis 
of  the mutant  genes revealed sizes of  introns in between 
96 bp and 320 bp. 

Furthermore, we deleted the 3' splice junction and al- 
most 60% of the second exon, but left the T A C T A A C  
box intact. The results show (Fig. 3 lane Td5) that this 
deletion has no substantial effect on the levels of  m R N A  
and precursor R N A  compared to the control T. In this 
case a cryptic 3' splice has been chosen, using the first A G  
in the following sequence (data not shown), which is in 
accordance with the observations of  Langford and Gallwitz 
(1983). Although there is a cryptic splice site, the turnover 
of  these transcripts appears not  to be changed compared 
to cells transformed with the complete gene. 

We constructed the deletions Tdll  and Tdrl .  Tdr l  has 
lost the sequence from the XhoI site to 82 bp upstream 
of  the 3' splice site (Fig. 4). Tdll  lacks the sequence from 
39 bp downstream of  the 5' splice site to the JEhoI site (see 
Fig. 5). The deletion Tdrl  shows a ratio of  mature to pre- 
cursor R N A  which is comparable to the ratio estimated 
for cells transformed with the complete CYH2 gene (Fig. 4). 

We always observed for this deletion lower levels of  
m R N A  and precursor RNA.  We do not know yet the signif- 
icance of  this observation. 
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Summary. To define the extent of intervening sequences 
required for efficient splicing of the CYH2 gene in Sacchar- 
omyces cerevisiae, we have constructed a series of intron 
mutations. Artificial intron extensions of more than 300 bp 
of the natural intron lead to an inhibition of splicing where- 
as intron deletions lead to a drastic improvement of the 
splicing efficiency. It  is shown that deletion of a 32 bp 
sequence element within the intron is responsible for this 
drastic improvement. 
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Introduction 
Splicing of polymerase II transcripts in Saccharomyces 
cerevisiae is very stringent. It requires the heptanucleotide 
TACTAAC upstream of the 3' splice site (Langford and 
Gallwitz 1983) together with the conserved 5' splice site 
sequence G T A T G T  (Pikielny et al. 1983) for accurate and 
efficient splicing. Mutations within either of these elements 
result in decreased splicing efficiency or total inhibition of 
splicing (Langford et al. 1984). Recently it has been shown 
that in S. cerevisiae both of these highly conserved elements 
are involved in the formation of lariat structures (Domdey 
et al. 1984; Newman et al. 1985; Rodriguez et al. 1984; 
Konarska et al. 1985; Zeitlin and Efstradiatis 1984). How- 
ever the efficiency of splicing does not appear to be deter- 
mined exclusively by these highly conserved sequences. Pik- 
ielny and Rosbash reported that other non-conserved se- 
quences adjacent to the 5' splice and TACTAAC box se- 
quences play a role in splicing efficiency (Pikielny and Ros- 
bash 1985). That splicing efficiency may play a role in the 
regulation of the expression of intron containing genes has 
been suggested (warner  et al. 1985). However it is interest- 
ing to note that several intron containing genes in wild-type 
cells show different splicing efficiencies (Warner et al. 1985; 
Pikielny and Rosbash 1985). 

The CYH2 gene from S. cerevisiae codes for the ribo- 
somal protein L 29 (Fried and Warner 1982; K/iufer et al. 
1983). In wild-type cells the transcript of  this gene has been 
shown to be less efficiently spliced than other transcripts 
(warner  et al. 1985). 

In this report we describe artificial extensions of the 
intron of the CYH2 gene which lead to an inhibition of 
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splicing. On the other hand we constructed intron deletions 
which improve splicing efficiency significantly. These dele- 
tion studies show that a region within the intron decreases 
the splicing efficiency of the CYH2 gene. 

Materials and methods 
Strains. The yeast strain J 400 Mat a, ura3-52 his3-1 his7 
adel tyrl rna2 (ts) was used. For propagation and isolation 
of plasmids we used the E. coli strain HB101. 

Vector. Yep 24' carries portions of 2 gm DNA, the URA-3 
gene of yeast and most pBR322 sequences. The resistant 
CYH2 gene used for the insertion and deletion studies was 
cloned into this vector on a 5.4 kb yeast DNA fragment 
(Fried and Warner 1982). 

Construction of the CYH2 intron insertion plasmids. The 
CYH2 gene contains a unique XhoI site almost in the middle 
of the intron (Warner et al. 1985). A 150 bp XhoI/SalI frag- 
ment was isolated from the f-phage pks. After cutting the 
plasmid DNA with J(hoI it was ligated in the presence of 
excess XhoI/SalI fragment. To determine the orientation 
and the number of copies of the fragment inserted several 
of the resulting clones were sequenced. 

Construction of  the CYH2 intron deletions. The plasmid was 
cleaved with J(hoI followed by partial degradation with 
Bal31 nuclease. After stopping this reaction possible pro- 
truding ends were filled in using Klenow fragment and li- 
gated in the presence of XhoI linkers. The ligated DNA 
was cut with XhoI. To remove excess linkers we used a 
Sepharose CL-4B column (Pharmacia, Uppsala, Sweden). 
The recovered molecules were religated and transformed 
into HB101. T4 ligase, Klenow fragment and Bal31 nucle- 
ase were used as recommended by the suppliers (Bethesda 
Research Laboratories Karlsruhe, F R G  and Boehringer 
Mannheim, FRG). 

Plasmid copy number. The plasmid copy numbers of all 
intron deletions and extensions were determined exactly as 
described by Pearson et al. (1982). 

All intron deletions revealed about 20-30 copies per 
cell, in agreement with values for the plasmid containing 
the complete CYH2 gene (Warner et al. 1985). 

RNA isolation. Isolation of total RNA was carried out as 
described by Warner and Gorenstein (1977). 
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plasmid DNA with J(hoI it was ligated in the presence of 
excess XhoI/SalI fragment. To determine the orientation 
and the number of copies of the fragment inserted several 
of the resulting clones were sequenced. 
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cleaved with J(hoI followed by partial degradation with 
Bal31 nuclease. After stopping this reaction possible pro- 
truding ends were filled in using Klenow fragment and li- 
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into HB101. T4 ligase, Klenow fragment and Bal31 nucle- 
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Plasmid copy number. The plasmid copy numbers of all 
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cell, in agreement with values for the plasmid containing 
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efficiency is almost fully restored. In all mutants the gene 
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with the size of  the deletions as shown by Northern analysis 
of  cells containing these constructions grown at the non- 
permissive temperature of  36 ° C (Fig. 3). Sequence analysis 
of  the mutant  genes revealed sizes of  introns in between 
96 bp and 320 bp. 

Furthermore, we deleted the 3' splice junction and al- 
most 60% of the second exon, but left the T A C T A A C  
box intact. The results show (Fig. 3 lane Td5) that this 
deletion has no substantial effect on the levels of  m R N A  
and precursor R N A  compared to the control T. In this 
case a cryptic 3' splice has been chosen, using the first A G  
in the following sequence (data not shown), which is in 
accordance with the observations of  Langford and Gallwitz 
(1983). Although there is a cryptic splice site, the turnover 
of  these transcripts appears not  to be changed compared 
to cells transformed with the complete gene. 

We constructed the deletions Tdll  and Tdrl .  Tdr l  has 
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39 bp downstream of  the 5' splice site to the JEhoI site (see 
Fig. 5). The deletion Tdrl  shows a ratio of  mature to pre- 
cursor R N A  which is comparable to the ratio estimated 
for cells transformed with the complete CYH2 gene (Fig. 4). 

We always observed for this deletion lower levels of  
m R N A  and precursor RNA.  We do not know yet the signif- 
icance of  this observation. 
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cerevisiae is very stringent. It requires the heptanucleotide 
TACTAAC upstream of the 3' splice site (Langford and 
Gallwitz 1983) together with the conserved 5' splice site 
sequence G T A T G T  (Pikielny et al. 1983) for accurate and 
efficient splicing. Mutations within either of these elements 
result in decreased splicing efficiency or total inhibition of 
splicing (Langford et al. 1984). Recently it has been shown 
that in S. cerevisiae both of these highly conserved elements 
are involved in the formation of lariat structures (Domdey 
et al. 1984; Newman et al. 1985; Rodriguez et al. 1984; 
Konarska et al. 1985; Zeitlin and Efstradiatis 1984). How- 
ever the efficiency of splicing does not appear to be deter- 
mined exclusively by these highly conserved sequences. Pik- 
ielny and Rosbash reported that other non-conserved se- 
quences adjacent to the 5' splice and TACTAAC box se- 
quences play a role in splicing efficiency (Pikielny and Ros- 
bash 1985). That splicing efficiency may play a role in the 
regulation of the expression of intron containing genes has 
been suggested (warner  et al. 1985). However it is interest- 
ing to note that several intron containing genes in wild-type 
cells show different splicing efficiencies (Warner et al. 1985; 
Pikielny and Rosbash 1985). 

The CYH2 gene from S. cerevisiae codes for the ribo- 
somal protein L 29 (Fried and Warner 1982; K/iufer et al. 
1983). In wild-type cells the transcript of  this gene has been 
shown to be less efficiently spliced than other transcripts 
(warner  et al. 1985). 

In this report we describe artificial extensions of the 
intron of the CYH2 gene which lead to an inhibition of 
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splicing. On the other hand we constructed intron deletions 
which improve splicing efficiency significantly. These dele- 
tion studies show that a region within the intron decreases 
the splicing efficiency of the CYH2 gene. 

Materials and methods 
Strains. The yeast strain J 400 Mat a, ura3-52 his3-1 his7 
adel tyrl rna2 (ts) was used. For propagation and isolation 
of plasmids we used the E. coli strain HB101. 

Vector. Yep 24' carries portions of 2 gm DNA, the URA-3 
gene of yeast and most pBR322 sequences. The resistant 
CYH2 gene used for the insertion and deletion studies was 
cloned into this vector on a 5.4 kb yeast DNA fragment 
(Fried and Warner 1982). 

Construction of the CYH2 intron insertion plasmids. The 
CYH2 gene contains a unique XhoI site almost in the middle 
of the intron (Warner et al. 1985). A 150 bp XhoI/SalI frag- 
ment was isolated from the f-phage pks. After cutting the 
plasmid DNA with J(hoI it was ligated in the presence of 
excess XhoI/SalI fragment. To determine the orientation 
and the number of copies of the fragment inserted several 
of the resulting clones were sequenced. 

Construction of  the CYH2 intron deletions. The plasmid was 
cleaved with J(hoI followed by partial degradation with 
Bal31 nuclease. After stopping this reaction possible pro- 
truding ends were filled in using Klenow fragment and li- 
gated in the presence of XhoI linkers. The ligated DNA 
was cut with XhoI. To remove excess linkers we used a 
Sepharose CL-4B column (Pharmacia, Uppsala, Sweden). 
The recovered molecules were religated and transformed 
into HB101. T4 ligase, Klenow fragment and Bal31 nucle- 
ase were used as recommended by the suppliers (Bethesda 
Research Laboratories Karlsruhe, F R G  and Boehringer 
Mannheim, FRG). 

Plasmid copy number. The plasmid copy numbers of all 
intron deletions and extensions were determined exactly as 
described by Pearson et al. (1982). 

All intron deletions revealed about 20-30 copies per 
cell, in agreement with values for the plasmid containing 
the complete CYH2 gene (Warner et al. 1985). 

RNA isolation. Isolation of total RNA was carried out as 
described by Warner and Gorenstein (1977). 
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unconventional splicing 
 
 
conveys resistance to salt stress 
 
 
hypothesis – RP regulation 



Conclusions	

l  Intron positions are perfectly conserved, 
sequences are frequently conserved 

l  Introns are expressed and have a life 
after splicing 

l  Introns can perform their function by 
RNA structures 

 
l  Intronic RNAs regulate the transcription 

of their host genes 
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