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ABSTRACT 

Alterations of RNA sequences and structures, such as those from editing and alternative splicing, 

result in two or more RNA transcripts from a DNA template.  It was thought that in yeast, RNA 

editing only occurs in tRNAs.  Here, we found that Saccharomyces cerevisiae have all 12 types 

of RNA-DNA sequence differences (RDDs) in the mRNA.  We showed these sequence 

differences are propagated to proteins, as we identified peptides encoded by the RNA sequences 

in addition to those by the DNA sequences at RDD sites.  RDDs are significantly enriched at 

regions with R-loops.  A screen of yeast mutants showed that RDD formation is affected by 

mutations in genes regulating R-loops.  Loss-of-function mutations in ribonuclease H, senataxin 

and topoisomerase I that resolve RNA-DNA hybrids lead to increases in RDD frequency.  Our 

results demonstrate that RDD is a conserved process that diversifies transcriptomes and 

proteomes, and provide a mechanistic link between R-loops and RDDs. 
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INTRODUCTION 

DNA is the genetic blueprint that provides the code for synthesizing RNA and proteins; 

however, there is not always a direct one-to-one relationship between DNA, RNA and protein.  

Co-transcriptional and post-transcriptional processing such as splicing and RNA editing alters 

the sequences and structures of RNA.  As a result, different transcripts are produced from the 

same DNA sequences.   

RNA editing was first identified in the mitochondrial genome of kinetoplastids (Benne et 

al. 1986).  Subsequently, different types of RNA editing were found in the mitochondrial and 

nuclear genomes of diverse organisms including plants (Gualberto et al. 1989; Hiesel et al. 

1989), viruses (Volchkov et al. 2001), molluscs (Garrett and Rosenthal 2012; Albertin et al. 

2015) and human (Tennyson et al. 1989; Teng et al. 1993).  The mechanisms that mediate these 

events and the functions of the edited transcripts are mostly unknown.  However, as sequencing 

technology improves, information about RNA editing is accumulating.  Adenosine-to-inosine 

editing mediated by the human ADAR (Adenosine deaminases acting on RNA) proteins was 

once regarded as rare events.  But recently, hundreds of thousands of ADAR-mediated editing 

sites have been identified in human cells (Kawahara et al. 2004; Ju et al. 2011; Alon et al. 2012; 

Chen et al. 2012; Peng et al. 2012; Silberberg et al. 2012; Vesely et al. 2012; Chen 2013; Wang 

et al. 2013; Bazak et al. 2014).  Furthermore, we and others have found that there are other types 

of RNA-DNA sequence differences (RDDs) that are unlikely to be mediated by these 

deaminases (Li et al. 2011; Bahn et al. 2012; Bar-Yaacov et al. 2013; Rubio et al. 2013; Turner 

et al. 2015).  These events are found in normal cells, and altered patterns of RDDs were found in 

neurologic diseases (van Leeuwen et al. 1998; Silberberg et al. 2012; Krestel et al. 2013; Wang 

et al. 2014) and in cancers (Klimek-Tomczak et al. 2006; Martinez et al. 2008; Lee et al. 2013; 
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Avesson and Barry 2014; Han et al. 2014; Niavarani et al. 2015).  Even though differences 

between RNA and their corresponding DNA templates were known for many years, their 

discoveries in human beyond the editing events mediated by ADAR and APOBEC families of 

deaminases were debated.  Some groups posited that the RDDs are not as widespread as 

reported, and/or they are the results of inaccurate sequencing and/or analyses of deep sequencing 

data (Kleinman and Majewski 2012; Lin et al. 2012; Pickrell et al. 2012).  We have addressed 

many of these concerns (Li et al. 2012), and other groups have identified RDDs in human cells.  

The first published work we know of is a G-to-A site in WT1, wilms tumor 1 (Sharma et al. 

1994).  Subsequently RDD sites in brain tissues from Alzheimer’s and Down syndrome patients 

(van Leeuwen et al, 1998) and in other human cells were identified (Ju et al. 2011; Bahn et al. 

2012; Silberberg et al. 2012; Turner et al. 2015; Zhang et al. 2015).  A recent paper suggests that 

APOBEC3A is the protein that mediates G-to-A RDD in WT1 (Niavarani et al. 2015). 

Despite advances in technologies for sequencing and analysis of RNA transcripts, it is 

still challenging to survey enough human cells comprehensively; especially for those RDDs that 

are present at lower frequencies.  To obtain such a comprehensive view, here we studied the 

DNA and RNA of budding yeast Saccharomyces cerevisiae and present data from 18 yeast 

strains, including wild-type and mutants.   

 

RESULTS 

RDDs in wild-type yeast strains 

We sequenced the DNA and RNA of 6 wild-type budding yeast strains commonly used in 

research laboratories, including S288C, the reference strain of the yeast genome project (Engel et 

al. 2013).  For each strain, we obtained about 40 million DNA-seq reads (>250×  genome 
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coverage), and sequenced the transcriptomes to an average of 10 million 100-nt reads.  To 

identify RDDs for each yeast strain, we compared the RNA sequences to the corresponding 

DNA sequences (Methods; Supplemental Results and Fig. S1).  We found in S288C more than 

750 RDD sites, corresponding to a frequency of 1.5 RDD per 10,000 nucleotides in the 

transcriptome (Supplemental Table S1).  These include all 12 types of RDDs.  Figure 1A shows 

the distribution by RDD type; T-to-C difference is the most common form, and transitions 

represent the 4 most common types (Fig. 1A).  Similarly RDDs were also found in the other 5 

wild-type strains and frequencies range from 1.3 to 1.8 per 10,000 nucleotides (Fig. 1B, 

Supplemental Fig. S2A).  RDDs are significantly enriched in coding exons (Fisher’s exact test, 

P<0.05) (Supplemental Fig. S2B). 

We examined how various inclusion criteria affect RDD identification (Supplemental 

Results).  All 12 types of RDDs were found even when we applied more stringent thresholds for 

sequencing depth and RDD levels (Supplemental Fig. S2C, S2D).  We also ensured that RDDs 

are detected by different alignment programs and parameters (Supplemental Results).  We re-

aligned the sequence reads with different programs and tested parameters for handling splice 

sites.  We assessed error rates with internal standards, simulated RNA-seq data and a probability-

based method for estimating errors.  All the results support our conclusion that RDDs are found 

in yeast; and they are not results of errors in sequencing or analysis of the sequence data.  In 

addition, we used an independent method, droplet digital PCR to validate the RDDs.  Among the 

20 RDD sites examined, 18 were also found by this method in yeast grown in a replicate culture.  

Figure 2 shows a C-to-G RDD in ADR1 (alcohol dehydrogenase II synthesis regulator 1) that 

was identified by sequencing and droplet digital PCR. 
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There are 334 RDD sites that are found in 2 or more of the 6 wild-type strains; among them 

234 are in coding exons, 8 are in introns, one is in snoRNA and 91 in “intergenic regions” 

(including unannotated transcripts and UTRs beyond the annotated genic region) (Supplemental 

Table S2).  RDD-containing genes include MTR4 that encodes an RNA helicase in the TRAMP 

complex, and DIP2 that encodes components of U3 snoRNP that processes pre-18S rRNA 

(Table 1).  Of the 216 RDDs in coding sequences with annotated open reading frame (excluding 

dubious ORF), there seems to be no bias against nonsynonymous changes since 161 (74%) are 

nonsynonymous and 55 (26%) are synonymous changes. 

 

RNA forms of RDD-containing transcripts are translated into proteins 

Next, we ask whether RDD-containing transcripts are translated to proteins.  We analyzed the 

yeast proteome by mass spectrometry.  Previously, proteomic studies identified peptides by 

prediction based on DNA sequences; thus peptides encoded by RNA forms at RDD sites would 

have been missed.  Here, we embarked on finding peptides that result from RDDs.  However, 

finding the RNA forms of proteins using shotgun mass spectrometry is challenging due to the 

“missing value” problem (Karpievitch et al. 2012; Nagaraj et al. 2012; Tyanova et al. 2014).  Not 

all expressed proteins are identified by mass spectrometers; and even when a protein is 

sequenced, only some of its peptides are captured.  In addition, since most of the RDD levels are 

not very high, assuming one-to-one translation of RNA to proteins, the majority of the peptides 

at an RDD site will be the DNA form.  To look for peptides that are encoded by RDDs, we first 

analyzed raw data generated by Mann and colleagues who carried out a comprehensive study of 

the yeast proteome (Nagaraj et al. 2012).  We translated RNA sequences at RDD sites into amino 

acid sequences and incorporated them into our peptide search.  Using the same proteomics 
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software, MaxQuant (Nagaraj et al. 2012) as Mann and colleagues, we found peptides that are 

encoded by RNA rather than DNA sequences at RDD sites (Table 2).  Encouraged by these 

results, we carried out our own mass spectrometry analysis with stringent thresholds sufficient 

for detecting mass difference between single amino acids (Methods).  Just as with data from 

Mann and colleagues, we found peptides encoded by both DNA and RNA sequences at RDD 

sites (Table 2).  For instance, a G-to-A RDD in RPN1, encoding a subunit of 26S proteasome, is 

translated to DNA- and RNA-forms of the protein (V221I), as depicted by sequencing reads and 

mass spectra in Figure 3.  RNA-forms of Gip3 (S435L), Hsp90 (Q178E) and Tef1 (G34A) were 

found by mass spectrometry in both studies.   

After finding the RDD-encoded peptides by whole proteome mass spectrometry, we 

attempted to enrich for protein isoforms resulting from RDDs.  We began with one protein, 

Tup1, in a pilot study.  There are two isoforms of Tup1, a DNA-encoded and an RNA-encoded 

form with alanine and valine as amino acid 459, respectively.  For the enrichment of peptides for 

Tup1, we carried out immunoprecipitation with antibody against Tup1, then excised the protein 

band corresponding to the expected molecular weight of Tup1, and performed mass 

spectrometry.  However, that did not lead to an enrichment, rather we got very few peptides 

corresponding to Tup1, and no valine-form of the protein.  Most likely this is because Tup1 is a 

highly modified protein and it works in a large protein complex.  The post-translational 

modifications of Tup1 led to different electrophoretic pattern(s) than its unmodified form.  In 

addition, since Tup1 is part of a large protein complex, the immunoprecipitation likely pulls 

down its interacting partners with similar sizes which reduces our chance of detecting Tup1 itself 

(Krogan et al. 2006).  Indeed, Cdc48, a known interacting partner of Tup1 with similar molecular 

weight, was detected in the immunoprecipitant.  This suggests that unless we have ways to 
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enrich specifically for a protein, mass spectrometry of whole proteome may be a more practical 

approach for identifying protein isoforms from RDDs. 

 

Effect of RDD on protein structure and function 

Next we examined whether the RDDs that lead to non-synonymous changes in amino acids 

affect protein structures.  The amino acid changes that result from RDDs are found throughout 

the proteins, including key active sites.  For instance, a G-to-A RDD results in two forms of Rsc4 

that have different sequences in the bromodomain.  To characterize the impact of RDDs, we 

compared the predicted structures of DNA- and RNA-forms of the proteins (Zhang 2008).  We 

focused on 10 RDD-encoded proteins that were detected by mass spectrometry (Table 2).  The 

analysis showed some of the amino acids are exposed on protein surfaces that interact with 

ligands and/or other proteins, and others affect tertiary structures (Fig. 4).  For example, 

modeling shows that the I49 (DNA-form) and V49 (RNA-form) of Arf2 have different 

orientations in the GTP/GDP binding domain.  The RNA-form (V49) of Arf2 is predicted to be 

more flexible for ligand binding than the DNA form, thus the two protein isoforms likely have 

different substrate affinities (Cheng et al. 2006).  In other proteins, RDDs affect tertiary 

structures.  An example is Vph1, a subunit of the V-type H+-ATPase that is required for 

assembly of the ATPase complex and maintenance of pH in yeast vacuoles.  Figure 4 shows that 

the DNA (I319) and RNA (N319) forms of Vph1 have distinct folding properties (TM-score = 

0.34, in contrast to >0.5 for control proteins with similar structures; P<10-6).  Third, several 

RDDs are predicted to affect protein stabilities (Worth et al. 2011) (Table 3).  For instance, for 

the transcription repressor Tup1, the RNA-form (V459) is predicted to be more stable 

(ΔΔG=1.02) than the DNA-form (A459) (Worth et al. 2011). 
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Next, we experimentally validated results from computational prediction and determined the 

functional consequences of RDDs by focusing on Tup1.  We cloned the DNA- and RNA-forms 

of TUP1 ORF into plasmids under GAL1 promoter, and induced their expression in yeast tup1 

knockout strain.  By western blot, we showed that the protein level of the RNA-form (V459) of 

Tup1 is higher than that of the DNA-form (A459), while mRNA levels of both forms are similar 

(Fig. 5A, 5B).  Cycloheximide chase study showed that the RNA-form of Tup1 has a longer half-

life than that of the DNA-form (Fig. 5C).  Together, these results are consistent with the 

prediction that the C-to-U RDD makes the Tup1 protein more stable.  Next, we asked if this 

difference in Tup1 protein stability affects its function.  Since the main role of Tup1 is 

transcriptional regulation, to assess the effect of the RDD on function, we carried out RNA 

sequencing of yeast cells with or without TUP1 expression, and identified 292 genes (P<0.0001, 

t-test) whose expression levels are influenced by Tup1.  Previously microarrays were used to 

identify Tup1-regulated genes; we compared our results to the 335 Tup1-regulated genes 

identified by Green and Johnson, among them 243 are also expressed at significantly different 

levels (P<0.01, t-test) in yeast with and without Tup1 in this study.  Among these Tup1-regulated 

genes are MAL11, HXT2 and HSP12 that were previously found to be repressed by Tup1 (Green 

and Johnson 2004), and genes such as HIS4 and TAT2 that were induced by Tup1 (Tanaka and 

Mukai 2015).  Tup1-Cyc8 does not directly binds to DNA.  As a co-repressor complex, it affects 

gene expression by recruiting DNA-binding proteins mainly through the WD40 domain where 

the amino acid affected by the RDD resides (Sprague et al. 2000; Malavé and Dent 2006).  It is 

likely that DNA- and RNA-forms of Tup1 interact differently with some DNA-binding proteins, 

and therefore have differential effects on expression of some of its target genes.  To examine this 

possibility, we compared the expression levels of the 292 genes in the yeast expressing either the 
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DNA- or the RNA-form of Tup1.  The results showed that 51 genes are differentially expressed 

(Fig. 5D); among them 42 had higher expression (>50%) and 9 genes had lower expression 

(<50%) in yeast expressing the RNA-form of Tup1.  The 42 genes with higher expression in the 

RNA-form of Tup1 were repressed by Tup1; thus, the RNA-form conferred a lesser repressive 

effect on its target genes compared to the DNA-form.  These 42 genes include several stress 

responsive genes such as RCK1 and HUG1.  Of the 9 genes that showed lower expression, 6 

genes including NDJ1 that encodes a telomere associated protein that promotes meiotic 

recombination (Wu and Burgess 2006) were induced by Tup1 but the RNA-form of Tup1 

induced these target genes to a lesser extent.  Our results therefore show that while the RNA-

form of Tup1 is more stable, it has a lesser effect on the expression levels of its target genes than 

the DNA-form.  This paradox where a more stable protein has lower activity was described by 

Matthews and colleagues for lysozyme (Shoichet et al. 1995) and found for other proteins 

including PTEN (Vazquez et al. 2000) and β-lactamase (Beadle et al. 1999).  Lastly, to assess the 

cellular effect of RDD, we compared the stress response of yeast expressing the DNA and RNA-

form of Tup1.  We found that yeast that expresses the RNA-form of Tup1 is more sensitive to 

hygromycin B than the DNA-form (Fig. 5E); this could be due to the reduced activity of the 

valine-bearing form of Tup1.  These results suggest that like other co-transcriptional processes, 

RDD produces transcripts with different functions and affects cellular phenotypes. 

 
Deaminases do not play a key role in yeast RDD formation 

After characterizing the RDDs, next we took advantage of yeast mutants to search for genes that 

are involved in RDD formation.  The two known RNA editing enzymes in humans, ADAR and 

APOBEC, are deaminases that convert adenosine to inosine (then read by the translation 

machinery as guanosine), and cytidine to uridine.  Knockdown of ADAR proteins in human B-
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cells resulted in a greater than 90% decrease in A-to-G editing (Wang et al. 2013).  To look for 

equivalent pathways in yeast, we sequenced deaminase mutants and assessed for RDDs.  We 

studied mutant strains of tRNA adenosine deaminases, tad1-, tad2ts and tad3ts, and other 

deaminases such as aah1- (adenine deaminase), amd1- (AMP deaminase) and fcy1- (cytosine 

deaminase).  To confirm the mutant phenotypes, we first looked at the known editing sites in 

tRNA; as expected, we found a decrease in editing levels in the mutants.  At non-permissive 

temperature, the temperature sensitive mutant of the essential TAD2 gene (tad2ts) has a lower A-

to-G editing level at position A34 of tRNA-serine (Supplemental Fig. S3A).  Then, we asked 

whether the deaminases that target tRNA also affect mRNA.  Unlike in tRNA, there was no 

difference in the mRNA editing patterns between mutants and wild-type strains.  Other types of 

RDDs were also unchanged in the deaminase mutants.  The relative abundance of all 12 types is 

highly similar between the mutants and wild-type controls (Supplemental Fig S3B).  For 

example, the average level of A-to-G RDD was 11% in wild-type yeast, and those among the 

mutants were 9 to 12%; and for C-to-T, the level in wild-type strains was 9% and those in 

mutants were 7 to 10%.  These results suggest that Tad1, Tad2, Tad3, Aah1, Amd1 and Fcy1 do 

not contribute to the majority of RDDs in mRNAs of yeast.  A few other putative deaminase 

genes, including CDD1, DCD1 and RIB2, are essential for yeast survival and null mutants are 

not available.  These deaminases remain to be ruled out as enzymes contributing to RDDs.  

 

RDDs are dependent on R-loop formation 

Next, we assessed whether R-loops play a role in RDD formation.  Previously, we showed 

RDDs do not arise during RNA synthesis by RNA Polymerase II nor as a direct consequence of 

incorporation of modified bases; rather we showed that RDDs begin to occur in nascent RNA 

 Cold Spring Harbor Laboratory Press on June 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


12 
 

chains ~55 nucleotides from the RNA Polymerase II active site (Wang et al. 2014).  Given that 

RDDs are found so soon after transcription, we posited that R-loops which often occur outside of 

the polymerase complex may be involved in RDD formation.  Results from studying human cells 

with a gain-of-function mutation in senataxin (L389S) that leads to juvenile amyotrophic lateral 

sclerosis showed lower RDD frequency, consistent with the involvement of R-loops (Wang et al. 

2014). 

Yeast provides us with an opportunity to examine the connection between R-loops and RDD 

more deeply using several approaches.  We asked whether R-loops and RDDs co-localize, and if 

yeast mutants with defective R-loops have altered RDD profiles.  First, we mapped R-loops by 

DNA-RNA hybrid immunoprecipitation and deep sequencing (DRIP-seq) using the S9.6 

antibody (Boguslawski et al. 1986).  We identified more than 1,500 R-loop peaks in BY4741.  

Then we asked whether RDDs co-localize with these R-loops, and found that RDDs are 

significantly enriched (P<0.0001) in R-loop regions (Supplemental Results; Fig 6A).  A zoomed 

in figure of a C-to-T RDD and R-loops in BUG1 is shown in (Supplemental Fig S6).   

Next we search for genetic evidence that perturbation of R-loops affects RDDs.  We took 

advantage of the different mechanisms that yeast has developed to resolve R-loops from directly 

unwinding the R-loops with the helicase, senataxin, to degrading the RNA with ribonuclease H 

and altering the supercoils in DNA with topoisomerase enzyme.  First, we studied senataxin 

homolog (Sen1) in yeast.  Proudfoot and colleagues showed that the yeast senataxin homolog 

(Sen1) plays a role in resolving R-loops and there is an accumulation of R-loops in the sen1-1 

temperature-sensitive mutant (Mischo et al. 2011).  Here we quantified RDDs in the same 

senataxin mutant (Fig. 6B).  By shifting the sen1-1 mutant to a non-permissive temperature, we 

found significantly more R-loops (P<0.02, χ2) and a genome-wide increase in RDD frequency 
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(Fig. 6C).  At the higher temperature with a loss of senataxin function, we identified more RDD 

sites, and a trend for higher RDD levels.  Examples include G-to-A sites in HSE1 and SEC26 

(Fig. 6D).  The higher RDD levels at the non-permissive temperature allowed more RDD sites to 

be identified; some sites were found only in the non-permissive temperature, while others that 

were present at 25°C but below our 5% level inclusion criterion had higher levels at 34°C, and 

therefore are included as RDD sites.  Sen1 plays a role in pathways other than resolving R-loops.  

To ensure that the difference in RDD frequency in yeast senataxin mutant is due to R-loop 

defects and not from other functions of senataxin, we examined additional yeast mutants that are 

defective in resolving RNA-DNA hybrids.  We studied yeast deletion mutants of ribonuclease 

H1 (RNaseH1, RNH1) and topoisomerase 1 (TOP1).  RNase H1 resolves R-loops by hydrolysis 

of the RNA component of RNA-DNA hybrids (Stein and Hausen 1969; Keller and Crouch 1972; 

Wyers et al. 1973; Karwan et al. 1984).  Topoisomerase 1 minimizes transcription-dependent R-

loops by relaxing the supercoils that follow RNA polymerases (Drolet et al. 1995; Tuduri et al. 

2009; El Hage et al. 2010; Williams et al. 2013).  As expected, using the S9.6 antibody that 

recognizes RNA-DNA hybrids, we confirmed that deletion of RNH1 or TOP1 leads to more R-

loops, as in sen1-1 mutant (Fig. 6B).  Then, we sequenced and studied RDDs in rnh1 and top1 

mutants in BY4741 and SNM8 strains of S. cerevisiae.  The results showed that genome-wide 

the rnh1 mutant has more RDDs (≥25%) than wild-type controls in both strains (Fig. 6E).  

Similarly, loss of TOP1 leads to about 10% more RDDs.  As in the senataxin mutants, the RDD 

levels are significantly higher in both mutants (P≤0.006, χ2).  Figure 6F shows examples of RDD 

sites where the rnh1 and top1 mutants have higher levels compared to the wild-type yeast.  

Together these findings show that yeasts that have more R-loops, from different mechanisms 
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ranging from deficiencies in senataxin, to the loss of ribonuclease H1 and topoisomerase 1 

activities, have more RDDs.    

 

DISCUSSION 

Nascent RNAs are highly modified through splicing and alternative use of start and 

termination sites, which generate mature RNAs and proteins of different structures.  In some 

cases, the different transcripts from the same DNA templates even have opposing functions, such 

as BCL-x where one splice form (BCL-xS) promotes apoptosis and another form (BCL-xL) 

inhibits apoptosis (Boise et al. 1993).  Besides splicing, another way to diversify transcripts is 

through changes in RNA sequences by RNA editing such as those mediated by the ADAR 

proteins.  Previously, RNA editing was reported in organisms from kinetoplastids to plants and 

human cells, but not in yeast.  Here, we show that RNA-DNA sequence differences occur at 

about the same frequency in yeast (1/10,000) as in human cells.  All 12 types of RDDs were 

found.  Our mutant screens showed that RDD formation is associated with RNA-DNA hybrids.  

Comparison of DNA and RNA sequences of mutants known to have more R-loops (Wyers et al. 

1973; Tuduri et al. 2009) reveals that all the mutants have higher RDD frequencies than wild-

type strains.  This effect is specific since consistent changes in RDD frequency and level were 

found among yeasts with R-loop defects from loss-of-function mutations in senataxin, 

ribonuclease H1 or topoisomerase 1 but not in other mutants such as those with defective 

deaminases.  The increase in RDD is not just at a few sites but rather there is an increase 

genome-wide.   

Previously, our results in human cells show that RDDs are formed in nascent RNA soon 

after RNA synthesis and suggest that their formation is coupled to R-loops.  Here in yeast, we 
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provide molecular and genetic evidence that RDDs are coupled to R-loops.  We posit that the R-

loops promote RNA structures that facilitate RDD formation.  Multi-step processes must be 

involved in RDD formation; in particular, for the transversion events.  For the sites reported here, 

the RDD types are highly consistent; for example, at an A-to-C site, all RDD-containing 

transcripts contain a C, instead of multiple alleles.  To us, this suggests that RNA modification is 

not likely to explain the RDDs, since reverse transcriptases mis-incorporate nucleotides when 

they encounter modified bases.  At RDD sites, we do not see the multi-allelic patterns that are 

hallmarks of RNA modifications, rather the same types of nucleotides are observed.  Thus, RNA 

modifications do not explain most of the RDDs.  Rather, we favor enzymatic steps that convert 

one nucleotide to another for the transition events, and multi-step processes that may include 

abasic intermediates for the transversions.  It remains unknown what confers the specificity in 

RDD formation.  Organisms such as trypanosomes use short RNAs as guides for editing RNA 

(reviewed by Benne 1992).  Guide RNAs have not been identified in yeast nor in human; 

however since many small RNAs remain to be characterized, we cannot exclude this possibility.   

To begin to explore the functional consequences of RDDs, we studied a C-to-U site that 

results in a valine substitution for alanine in the WD40 domain of Tup1.  This protein in 

conjunction with Cyc8 regulates gene expression by recruiting DNA-binding proteins to target 

genes.  The WD40 domain is the platform for these protein interactions.  We showed the RNA-

form (V459) of Tup1 is more stable than the DNA form yet its regulatory activity on over 50 

target genes is lower.  Matthews and colleagues suggested that to maximize their activities, 

proteins can adopt a conformation that is less stable.  They first showed supporting data in 

lysozyme (Shoichet et al. 1995); since then they and others have provided many additional 
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examples.  Here the RDD in TUP1 appeared to make the protein more stable yet less active.  

This could be a mechanism to fine tune the kinetics and the expression levels of its target genes. 

To conclude, since the initial identification of RDDs in human cells (Li et al, 2011), 

additional studies have enabled us to characterize further this co-transcriptional RNA processing 

step.  By identifying RDDs in yeast, we show that they are conserved.  Characterization of 

transcripts with RDDs and the resulting protein isoforms shows that RDDs, like alternate 

splicing, diversify transcriptome and proteome by providing additional RNA and protein 

isoforms with different functions and/or regulation.  In addition, we show that RDDs are coupled 

to R-loops.  This information should lead us and others closer to uncovering mechanistic details 

that underlie RDD formation and determining their functional roles. 
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METHODS 

Yeast strains.  Yeast strains used in this study are listed in Supplemental Table S3.  Yeast 

cultures and deep sequencing of DNA and RNA are described in Supplemental Methods.  

DNA-RNA immunoprecipitation and deep sequencing (DRIP-seq).  Immunoprecipitation 

procedure was adapted from previous studies (Skourti-Stathaki et al. 2011; Ginno et al. 2012).  1 

X 108 cells yeast cells were used for each immunoprecipitation.  Genomic DNA containing R-

loops was purified using MasterPure Yeast DNA Purification Kit (Epicentre).  DNA was 

fragmented with a cocktail of five restriction enzymes (HindIII, EcoRI, BsrGI, XbaI and SspI) 

(New England Biolabs).  5μg of S9.6 monoclonal antibody (gift from Dr. Stephen H. Leppla at 

NIH) or non-specific mouse IgG was used for each immunoprecipitation.  Input and precipitated 

DNA was made into sequencing libraries using DNA SMART ChIP-Seq Kit (Clontech). 

Functional analysis of RNA-form of Tup1.  The pBY011-TUP1 plasmid (Cat# 

ScCD00095253, Harvard PlasmID repository) contains GAL1 promoter and DNA-form of 

TUP1.  RNA-form of TUP1 was generated using the QuikChange II XL Site-Directed 

Mutagenesis Kit (Stratagene).  Yeast cells were transformed with either pBY011-TUP1 A459 

(DNA form), pBY011-TUP1-V459 (RNA form), or empty vector using the lithium acetate 

method.  Gene induction, drug sensitivity and cycloheximide chase assay are described in detail 

in supplemental methods. 

R-loop dot blot using S9.6 antibody.  250 ng of DNA containing R-loops from each strain was 

incubated with 1 unit of RNase H (#M0297, NEB) or mock for no RNase H digestion control, in 

1X RNase H digestion buffer at 37°C for 12 hours.  DNA was phenol extracted and ethanol 

precipitated and reconstituted in 10 ul TE buffer.  5 ul of 1X or 0.2X titration of DNA solution 

was loaded to nitrocellulose membrane, air dried for 30 min and baked at 80°C for 2 hours.  The 
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membrane was blocked in 5% BSA for one hour and incubated with 1:1000 S9.6 antibody (gift 

from Proudfoot lab) (Boguslawski et al. 1986) overnight at 4°C in order to detect RNA-DNA 

hybrids. 

Analysis of sequencing data.  Sequencing reads were pre-processed as follows: adapter 

sequences from the end of reads were trimmed using the program fastx_clipper from FASTX-

Toolkit (Hannon Lab).  Low-quality sequences at ends of reads represented by a stretch of "#" in 

the quality score string in FASTQ file were also removed.  PolyA (>5 consecutive As) at end of 

reads were removed.  Reads that were >35nt after trimming were included for further analyses.  

Sequencing reads were then aligned to sacSer3 reference using GSNAP (Version 2013-10-28) 

(Wu and Nacu 2010) with the following parameters and bam files generated: Mismatches 

≤[(read length+2)/12-2]; Mapping score ≥20; Soft-clipping on (-trim-mismatch-score=-3).  

Sequencing reads with identical sequences were counted as one read in order to remove possible 

artefacts from PCR amplification. 

Expression levels of RNA transcripts were analyzed using Cufflinks (version 2.1.1.) at 

default parameters (Trapnell et al. 2010) and RPKM (reads per kilobase per million mapped 

reads) value is reported as expression value.  Genes with RPKM >1 in at least 75% samples were 

retained for downstream analysis.  To identify genes whose expression levels are influenced by 

TUP1 expression, we compared gene expression in yeast with (galactose-induced) and without 

(empty vector and glucose-repressed) TUP1 expression by Student's t-test.  And among the 292 

genes with nominal P<0.0001, we determined fold difference of expression levels in yeast 

expressing valine- (RNA-form) versus alanine-containing (DNA-form) of TUP1. 

To identify R-loop peaks from sequencing data, read depth at each nucleotide site was 

calculated using BamTools (Barnett et al. 2011).  Only genomic sites covered by sequencing 
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reads in input samples are retained for further analysis.  An R-loop peak is called in DRIP 

samples when contiguous sequencing reads cover a genomic region with sequencing depth ≥ 20 

RPM (reads per nucleotide per million of uniquely aligned reads), and fold enrichment of S9.6 

antibody over input ≥2.5 fold.   

RDD identification.  RNA-DNA sequence differences were identified as previously described 

with some modifications (Wang et al. 2013, 2014; Li et al. 2011).  In DNA-seq data, we required 

a minimum coverage of 10 reads at a given site and the DNA sequence at this site to be 100% 

concordant (no reads containing alternate alleles).  For each site that passed DNA-seq coverage 

cutoff, we compared RNA-seq read sequence to its corresponding DNA sequence from the same 

strain, requiring 4 criteria for RDD identification: 1) a minimum of 10 RNA-seq reads covering 

this site; 2) RDD level ≥5% (level = [# of RNA-seq reads containing non-DNA allele]/[# all 

RNA-seq reads covering a given site]); 3) a minimum of two non-identical RNA-seq reads 

containing RDD; 4) Phred score ≥ 20. 

We applied additional filtering steps and statistical analyses to ensure correct RDD 

identification (Supplemental Methods & Results).  We picked 20 sites of each type that are 

suitable for primer and assay design for droplet digital PCR and experimentally validated them 

(Supplemental Methods). 

Mass spectrometry analysis.  For protein encoded by RDDs to be identified by mass 

spectrometry, RDD sequence information needs to be incorporated into protein database.  For 

each non-synonymous RDDs identified in six wild-type strains, we translated the RNA sequence 

into amino acid sequence.  Thus we constructed a protein database containing both yeast protein 

sequences coded by reference sequence (sacCer3) and those coded by RDDs.  This database 
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includes 5,887 proteins, of which 2,336 proteins are represented by both DNA-form and RNA-

form sequences. 

Yeast proteomic data generated by the Mann group using a Single-shot Ultra HPLC Runs 

on a Bench Top Orbitrap were downloaded from Tranche proteome repository (Nagaraj et al. 

2012).  In our own LC/MS-MS analysis, 5 X 107 yeast cells of S288C and W303-1A collected 

from exponential cultures were frozen in liquid nitrogen and ground using Retsch ball mill 

homogenizer (Retsch).  Homogenized cells were then dissolved in 1ml lysis buffer (20 mM Tris 

HCl pH 8, 137 mM NaCl, 10% glycerol 1% Nonidet P-40, 2 mM EDTA).  60 μg of total protein 

was pre-fractionated and digested as previously described (Li et al. 2011).   

MaxQuant typically performs an initial search, mass recalibration and then carry out the 

main searches in order to achieve high accuracy.  We applied peptide tolerance (4.5ppm) that is 

much more stringent than required to detect small mass difference between single amino acids.  

RAW files were analyzed using MaxQuant vesion 1.5.1.2 (Cox and Mann 2008) and searched 

against the above RDD-containing protein database.  The following search parameters were 

applied: initial search with peptide tolerance of 20 ppm, main search after mass recalibration 

with peptide tolerance of 4.5ppm, parent ion mass tolerance of 0.3 Da, MS/MS tolerance 0.5 Da, 

complete carbaminomethyl modification of cysteine and variable N-terminal acetylation and 

methionine oxidation, allowing up to one trypsin miscleavage, protein false discovery rate <1%, 

peptide false discovery rate <1% (determined by decoy database search).  To confirm uniqueness 

of peptides, we searched sequence of each identified RDD-encoded peptides against yeast 

protein databases using BLAST.  None of the RDD-encoded peptides matched known peptides, 

confirming these peptides are not encoded by other regions of the genome.  This ensures that 

each RDD-form peptide is truly unique. 
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To assess the false discovery rate of peptide search, we generated a negative control 

database.  We used the target-decoy strategy, a method widely used to estimate false positive 

peptides, developed by Gygi’s group (Elias and Gygi 2010).  In this method, a control protein 

database is generated by reversing amino acid sequence of each protein, and number of peptides 

detected from decoy search is used to determine FDR.  Choosing a randomized control for 

proteomic analysis is challenging.  A simple scrambled amino acid sequence will differ from a 

biological sample in amino acid composition, location of tryptic sites, length of tryptic peptides, 

mass accuracy and probability to be detected.  The decoy method minimizes such drawbacks.  

The FDR of peptide in our analysis is 1%, as determined by this method. 

Protein Structure Prediction.  3-dimensional structures of proteins were predicted using I-

TASSER without restraints and templates(Zhang 2008).  TM-score (value 0-1 with 1 indicating 

the perfect match) was used to measure structural similarity between DNA-form and RNA-form 

models.  Protein stability is predicted as previously published (Worth et al. 2011). 

Data Access.  The DNA and RNA sequencing and DRIP-seq data from this study have been 

submitted to the European Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena/) under study 

accession number PRJEB8021. The mass spectrometry data have been submitted to the 

PeptideAtlas database with the identifier PASS00687. 
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Table 1.  Examples of RDDs in genes that play a role in ribosome biogenesis.* 

Gene Chr Position RDD Amino 
Acid 

RDD levels (%) 

BY4741 BY4742 S288C SNM8 W303-
1A 

W303-
1B 

NOP6 IV 77382 C>A syn - - - 10.5 - 14.3 

NOP14 IV 189726 T>A D>E 9.5 - - 6.5 14 - 

RRP1 IV 617886 T>C W>R 5.8 - 5.6 - - - 

ESF1 IV 1205918 T>C W>R - - 5.9 - - 8.3 

ENP2 VII 783759 T>C S>P - - - 5.7 5 - 

SDA1 VII 980392 C>A N>K 7.5 - - 7.1 - - 

CIC1 VIII 211854 T>C I>T 11.5 - - - 5.3 - 

MTR4 X 344335 T>C L>S 10.5 - - - 8.7 - 

DIP2 XII 400595 T>A syn - - 12 - 9.8 - 

ERB1 XIII 368739 C>T syn 5.8 - 5 6.3 - - 

ECM16 XIII 525831 A>T E>D 5.1 - 5.9 - - - 

RRP5 XIII 727288 G>A G>D - - 8.3 7.1 6.9 - 

KRI1 XIV 55287 G>A G>E 5.6 - - - - 6.1 

LSM7 XIV 351083 G>A syn - 8.7 - - 6.6 11.8 

HRR25 XVI 164682 T>C M>T - - 5.3 - 5.9 - 

NOP4 XVI 471281 T>C V>A - - - 9.1 5.3 - 
 
*RDD levels for 6 wild-type yeast strains are shown.  “-” are RDD with levels below 5% or where no RDD was 
detected. syn = synonymous 
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Table 2.  Peptides from RNA- and DNA-bases at RDD sites detected by mass spectrometry. 

* Amino acids from RDDs are underscored.  For each RDD-containing peptide, the 
corresponding DNA-form counterpart is also shown if detected by mass spectrometry. 
. 
  

Protein Peptide Sequence Encoded by RDD position Codon Change AA change Source 

Abp1 
IGNPLPGMHIEADNEEEPEENDDDWDDDEDEAAQPPLPSR DNA 

chrIII:266393 GAT>GAG D442E This study 
IGNPLPGMHIEADNEEEPEENDDDWDDEEDEAAQPPLPSR RNA 

Arf2 
LGEVITTIPTIGFNVETVQYK DNA 

chrIV:216673 ATT>GTT I49V This study 
LGEVITTIPTVGFNVETVQYK RNA 

Ded1 
GLHEILTEANQEVPSFLK DNA 

chrXV:724489 TCA>CCA S345P This study 
GLHEILTEANQEVPPFLK RNA 

Fra1 DAVCLVQYFAWLEQQLAGR RNA chrXII:82920 GTG>GCG V487A This study 
Gcr1 LIENYDWRR RNA chrXVI:415019 GGC>GAC G724D This study 
Gip3 LAENLLK RNA chrXVI:295344 TCA>TTA S435L Both 

Hsp90 
EEVQELEELNK DNA 

chrXIII:633135 CAA>GAA Q178E Both 
EEVEELEELNK RNA 

Kcs1 NSFCNSSSPILTATNSR RNA chrIV:480262 TTA>TCA L669S This study 

Krs1 
LAMFLTDSNTIR DNA 

chrIV:527109 CTG>CGG L403R This study 
RAMFLTDSNTIR RNA 

Ksp1 LSTEQKFK RNA chrVIII:269066 ATG>ACG M697T This study 
Mdm34 ISLNLDPKK RNA chrVII:82991 TCC>CCC S251P Nagaraj et 

al 
Noc2 

SEQMELEK DNA 
chrXV:728017 ATG>ACG M60T This study 

SEQTELEK RNA 
Nup159 TVTFFEK RNA chrIX:148342 TCT>TTT S493F Nagaraj et 

al Pop1 LNADQFISSR RNA chrXIV:233520 GTG>GCG V59A This study 

Psk1 
EGDEFEQSLR DNA 

chrI:120439 TTC>TCC F72S This study 
EGDESEQSL RNA 

Rho3 
VALTAGPVATEVK DNA 

chrIX:140376 GTT>CTT V209L 
Nagaraj et 

al LALTAGPVATEVK RNA 

Rpn1 
HNGEEDAVDLLLEIESIDK DNA 

chrVIII:164051 GTA>ATA V221I This study 
HNGEEDAIDLLLEIESIDK RNA 

Rsa4 
TVRVWDINSQGR DNA 

chrIII:241443 TGG>CGG W170R 
Nagaraj et 

al TVRVRDINSQGR RNA 

Tef1 
SVEMHHEQLEQGVPGDNVGFNVK DNA 

chrXVI:701513 GGT>GCT G34A Both 
SVEMHHEQLEQGVPGDNVAFNVK RNA 

Tup1 
FLATGAEDR DNA 

chrIII:261077 GCA>GTA A459V This study 
FLVTGAEDR RNA 

Vph1 
AIFEILNK DNA 

chrXV:829619 ATT>AAT I196N This study 
ANFEILNK RNA 

Vps5 NGMEISLEEAIESQK RNA chrXV:455731 GCG>GAG A292E Nagaraj et 
al 

YIL108W
TFPFVEEFTWDTLFER DNA 

chrIX:161376 TGG>CGG W164R This study 
TFPFVEEFTR RNA 

Ypk1 
GTINPSNSSVVPVR DNA 

chrXI:205902 GTC>ATC V66I This study 
GTINPSNSSVIPVR RNA 

Ypt10 DANIALIVFESGDVSSLQCAK RNA chrII:738095 TTG>TCG L111S This study 

Yta12 SMVKVMLNDNEK RNA chrXIII:447368 GGA>GAA G240E Nagaraj et 
al 
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Table 3.  Differences in protein structure and stability between RNA-form and DNA-form 
of proteins. 

*  -0.5 < ∆∆G < 0.5 is considered neutral. 
  

Protein RDD Amino Acid Change ∆∆G* Stability Change 

Arf2 A>G I49V -0.41 Neutral 

Ded1 T>C S527P 0.32 Neutral 

Krs1 T>G L557R -3.25 Destabilized 

Noc2 T>C M169T -0.13 Neutral 

Psk1 T>C F72S -2.06 Destabilized 

Rpn1 G>A V221I -0.1 Neutral 

Rsa4 T>C W304R -0.79 Destabilized 

Tup1 C>T A459V 1.02 Stabilized 

Vph1 T>A I319N -5.16 Destabilized 

YIL108W T>C W164R -2.83 Destabilized 
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Figure Legends 
 
Figure 1.  RNA-DNA sequence differences in S. cerevisiae.  (A) 12 types of RDDs are found in 
S288C.  (B) RDD frequencies are similar in six wild-type yeast (1.3~1.8 per 10,000 nucleotides).   
 
Figure 2.  Representative example of an RDD identified by deep sequencing and droplet digital 
PCR.  A C-to-G RDD in coding exon of ADR1 shown by (A) RNA-seq and DNA-seq data on the 
Integrated Genomics Viewer, (B) and by droplet digital PCR. 
 
Figure 3.  LC/MS-MS identified DNA-encoded isoleucine and RNA-encoded valine forms of 
Rpn1.  (A) G-to-A RDD in the coding exon of RPN1 shown by RNA-seq and DNA-seq data on 
the Integrated Genomics Viewer.  (B) Spectra from the MaxQuant Program for the resulting Val- 
and Ile-bearing peptides of Rpn1. 
 
Figure 4.  3D-structures of DNA and RNA-forms of proteins.  Arf2, Vph1 and Tup1 are shown 
as examples of DNA and RNA forms of the proteins with distinct features as predicted using I-
TASSER.   
 
Figure 5.  Effects of an RDD in TUP1 on protein stability and function.  (A) DNA-form and 
RNA-form of TUP1 were cloned into yeast plasmids under GAL1 promoter, and expression of 
each form was induced by galactose.  The two forms had similar mRNA levels, as determined by 
real-time RT-PCR.  Yeast colonies (n=3) transformed with empty vector, DNA-form and RNA-
form of TUP1 are shown.  Error bars represent standard deviation of three colonies.  (B) Protein 
level of the RNA-form of Tup1 is higher than that of DNA-form.  Whole cell extracts of the 
same colonies in (A) were analyzed by western blot.  Intensity of each band of Tup1 is quantified 
using ImageJ and normalized to that of GAPDH, and their values are shown under each band.  
(C) Cycloheximide chase assay showed that RNA-form of Tup1 is more stable than the DNA-
form.  Act1 level from each transformant was measured as control.  (D) Genes that are 
differentially regulated by DNA- and RNA-form of Tup1.  Gene expression levels were 
measured by RNA-seq of yeast cells expressing either form of Tup1.  (E) Yeast expressing the 
RNA-form of Tup1 is more sensitive to Hygromycin-B.  Yeast cells were cultured in liquid 
medium; 10X serial dilution were spotted onto plates containing Hygromycin-B or DMSO 
control to measure cell growth.  Tup1 expression is induced by galactose in plates.  Cells were 
also spotted on plates containing glucose as negative control. 
 
Figure 6.  RDDs and R-loops are coupled.  (A) Genome-wide distribution of R-loops and RDDs.  
Metagene plots show overlap between R-loops and RDDs.  TSS: transcription start site.  CPS: 
cleavage and polyadenylation signal.  Gene body: annotated coding sequence in reference 
genome.  (B) Nucleic acid blots probed with S9.6 antibody show more RNA-DNA hybrids in 
rnh1-, top1- and sen1-1 mutants, compared to wild-type control.  In the temperature sensitive 
mutant of sen1-1, at non-permissive temperature, RDD frequency (C) and levels (D) are higher.  
(E) In two different strain background, RDD frequencies are higher in rnh1- and top1- mutants 
than in wild-type control.  (F) RDD levels are higher in rnh1- and top1- mutants than in wild-type 
control. Two Xrn1-sensitive unstable transcripts (XUTs) are annotated according to XUT track 
in SGD genome browser (van Dijk et al. 2011). 
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